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ABSTRACT
Fiber-Reinforced Polymer Composite (FRPC) materials are vital to today’s aerospace,
automotive, marine, construction, and energy industries, and will be integral to the next
generation of lightweight, energy-efficient structures owing to their excellent specific stiff-
ness and strength, thermal stability and chemical resistance. Yet, the wider use of high-
performance thermoset composites is limited by the complexity and cost of the fabrication
process, which usually requires the monomer to be cured at high temperatures (around 180
oC) for several hours under combined external pressure and internal vacuum. Curing is gen-
erally accomplished using large autoclaves or ovens that scale in size with the component.
Hence, this traditional curing approach is slow, requires a large amount of energy, and in-
volves substantial capital investment, resulting in an expensive, time- and energy-intensive
process.
Over the past few years, a new out-of-autoclave/out-of-oven manufacturing method for
FRPCs based on Frontal Polymerization (FP) has been introduced by the Autonomous Ma-
terials Systems (AMS) group at the University of Illinois that greatly speeds up the process
and substantially reduces the energy cost (by many orders of magnitude) duration of the
manufacturing process. FP is a self-propagating reaction driven by exothermic polymeriza-
tion, where an advancing front is formed by a local thermal stimulus applied to a solution
of monomer and initiator. The heat generated by the exothermic reaction diffuses forward
to advance the propagating front, resulting in a self-sustained process.
To support the development of this new manufacturing method, we simulate the process
by developing a nonlinear, transient, multiphysics finite element solver. The solver is used
to (i) better understand the underlying physics, and (ii) to make a link between the input
parameters such as the resin chemistry and the properties of fibers, and the manufacturing
process and final product. The first part of the study focuses on the investigation of FP
in a neat Dicyclopentadiene (DCPD) resin, in the absence of fibers. In a continuum-level
approach, we numerically solve a reaction-diffusion system of Partial Differential Equations
(PDEs) to model the initiation and propagation of polymerization fronts. The second part
of the study deals with the merging fronts and the resulting thermal spike at the merger.
We shed some light on the physics behind the temperature overshoot where fronts meet and
propose a simple framework to predict its magnitude.
As a link between the fabrication of polymeric components and composites manufacturing,
we introduce a conductive element into the resin to analyze how it affects the front charac-
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teristics. We then propose a homogenized thermo-chemical model to simulate the FP-based
manufacturing of unidirectional carbon- or glass-fiber-reinforced DCPD-matrix composites.
Afterwards, we solve the model using a nonlinear finite element solver and validate the re-
sults with experimental data. We demonstrate that the validated framework can be used to
tailor the chemistry for specific composite applications.
In most cases, the polymerization front propagates in a steady fashion. However, un-
der some conditions, the front experiences instabilities, which do affect the quality of the
manufactured composite part. Here we investigate whether these instabilities can be cap-
tured by a reaction-diffusion model in the absence of convection in the monomer ahead of
the front. In particular, we use a coupled thermo-chemical model and an adaptive nonlinear
finite element solver to simulate FP-driven instabilities in DCPD and in carbon-fiber DCPD-
matrix composites. With the aid of 1-D transient simulations, we investigate how the initial
temperature and the carbon fiber volume fraction affect the amplitude and wavelength of
the thermal instabilities. We also extract the range of processing conditions for which the
instabilities are predicted to appear.
Investigating the effect of boundary conditions through convection and contact boundaries
is the focus of next part of this thesis. In this line of work, we evaluate the effect of different
parameters such as the film coefficient, resin volume, and diffusivity of the tooling plate
on the front velocity and maximum temperature during the manufacturing of thermosetting
polymers. The results of this study may serve as a guide map for chemists and manufacturing
engineers to adjust their experimental and industrial setups.
In the last part of this thesis, we integrate the frontal polymerization with machine learning
to tailor the chemistry for a desired manufacturing strategy. To that effect, we first develop
and implement a FeedForward Neural Network (NN) model in Python. We then train the
model using the input data generated with normal distribution and corresponding output
data extracted from the steady-state solver. Finally, in an ‘inverse approach’, we utilize the
model to predict the cure kinetics parameters for given front characteristics. The model will
enable us to optimize the cure kinetics of the matrix phase of the composites for a specific
application (a desired volume fraction of fibers) and a favorable manufacturing strategy
(expected maximum temperature and front velocity).
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CHAPTER 1: INTRODUCTION
Fiber-Reinforced Polymer Composite (FRPC) materials are vital to today’s aerospace,
automotive, marine, construction, and energy industries, and will be integral to the next
generation of lightweight, energy-efficient structures owing to their excellent specific stiff-
ness and strength, thermal stability and chemical resistance [1]. Current manufacturing
techniques for FRPCs typically rely on the bulk polymerization of the matrix and often
involve expensive processes where the manufactured part is exposed to long and complex
temperature and pressure cycles [2]. The manufacturing costs are compounded by the as-
sociated need for large infrastructures such as autoclaves and heated molds [3], resulting
in a time- and energy-intensive process [4, 5], with the cost increasing exponentially with
the part size [6]. To address these challenges, various out-of-autoclave methods have been
proposed, including Vacuum Assisted Resin Transfer Molding (VARTM) [7, 8], Vacuum Bag
Only (VBO) consolidation [9], and Thermal Press Curing (TPC) [10].
The Autonomous Materials Systems (AMS) group at the University of Illinois recently
proposed and demonstrated the Frontal Polymerization (FP) as an alternative to reduce the
capital investment and make the fabrication process of fiber-reinforced composites faster and
more energy efficient [1]. FP is a class of self-propagating reactions driven by exothermic
polymerization. In this reaction, an advancing front is formed by a local thermal stimulus
applied to a solution of monomer and initiator. The heat generated by the exothermic
reaction advances the propagating front resulting in a self-sustained process.
FP can be applied on various chemistries. The main requirement is that the polymer-
ization reaction needs to be highly exothermic. Additionally, the rate of polymerization
needs to be high enough to release thermal energy faster than it is lost to the environment.
The FP chemistries most explored thus far include anionic and cationic polymerization of
epoxy [11, 12, 13, 14, 15], free radical polymerization of olefins [16, 17, 18, 19], addition
polymerization of polyurethanes [20, 21, 22], and ring-opening metathesis polymerization of
dicyclopentadiene (DCPD) [23, 24, 25, 26]. Frontal ring-opening metathesis polymerization
(FROMP) of DCPD is particularly interesting because it exhibits high velocity fronts that
produce high quality DCPD polymer, making it potentially useful for rapid manufacturing
of large structural components.
This thesis summarizes the results of a computational modeling effort focused on six
key topics: (i) the simulation of FP in neat DCPD resin, (ii) the acceleration of FP
using a conductive element, (iii) the development and implementation of a homogenized
reaction-diffusion model for the FP-based manufacturing of carbon-DCPD composites, (iv)
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the thermo-chemical modeling of FP-driven instabilities in DCPD resin and DCPD-matrix
composites, (v) the simulation of the effects of convective and contact heat loss to the sur-
rounding on the propagation of the polymerization front, and (vi) the application of machine
learning to capture the link between cure kinetics and frontal polymerization. Each topic is
motivated in the remaining sections of this introductory chapter, and the associated numer-
ical studies are summarized separately in Chapters 2 to 7 of this document.
1.1 SIMULATION OF FRONTAL POLYMERIZATION IN NEAT DCPD RESINS
FP in neat resins has been extensively studied through analytical and small scales numeri-
cal methods. Solovyov et al. [27] developed a mathematical model for the frontal propagation
of a highly exothermic polymerization reaction in a methacrylic acid and n-butyl acrylate
with peroxide initiators. Goldfeder et al. [17] investigated analytically the degree of cure and
frontal velocity in an adiabatic acrylate FP system. They also developed a mathematical
model of propagating free-radical polymerization fronts using complex initiation [28]. Other
analytical studies based on mathematical models of FP can be found in [29, 30, 31, 32].
On the numerical side, Frulloni et al. [11] used an axi-symmetric implicit finite difference
model to simulate FP in epoxy. While the present work also relies on a fully continuum-level
model of FP, we adopt instead a finite-element-based approach to investigate FP in DCPD.
The continuum-level numerical modeling of FP involves the solution of coupled, nonlinear,
transient partial differential equations. Due to the very localized nature of the propagating
front, an efficient mesh adaptivity scheme is vital to capture the high gradients present in
the thermal and degree-of-cure solutions.
Regarding the modeling of FP in neat resins, we focus on two physical issues. The first
objective of the next chapter is to investigate the link between the cure kinetics model and
the steady-state properties of the propagating polymerization front, i.e., the front speed and
the characteristic length scales associated with the thermal and degree-of-cure variations
in the immediate vicinity of the front. The study presented in Chapter 2 is performed in
two stages: firstly, we perform 1D transient simulations of front propagation in an uncured
and partially cured DCPD monomer using the aforementioned adaptive, nonlinear finite
element solver. We then approach the problem using a semi-analytical method based on
a normalized, steady-state formulation, as an alternative framework aims at making a link
between cure kinetics parameters and front characteristics by transforming the non-linear,
coupled partial differential governing equations into a set of coupled ordinary differential
equations, while significantly reducing the high computational effort expected to solve the
transient approach.
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The second objective of Chapter 2 is to shed some light on the issue of thermal spike
associated with the merging of two polymerization fronts. This issue arises in the manufac-
turing of larger components for which the need for efficiency would require the introduction
of multiple initiation or triggering locations for the FP. The presence of the thermal spike
at the time of front merging is associated with the inability of the heat associated with the
highly exothermic reactions to be dissipated in the uncured monomer ahead of the front.
Herein, we investigate this potential issue, as an excessive thermal peak may lead to the
structural degradation of the manufactured component, through modeling and prediction of
the thermal spike associated with the merging of two fronts.
1.2 TOWARDS FP-BASED COMPOSITES MANUFACTURING: ACCELERATING
THE POLYMERIZATION FRONT
Reactions involving heterogeneous materials are widely studied because of their unique
reactivity and diverse applications including catalysis, surface coatings, and the fabrication
of composite materials [33, 34, 35]. The physical and chemical properties of compounds
incorporated into heterogeneous materials dictate the overall reactivity in the system, as
well as the properties of the product. Fiber-reinforced polymer composite materials, for
example, are composed of stiff fibers embedded in a durable polymer matrix that, in com-
bination, produce a material that possesses mechanical properties superior to its individual
components. Typically, the type of fiber reinforcement is chosen based on its cost and/or the
desired properties of the product rather than the fiber’s effects on the curing of the polymer
during fabrication.
Figure 1.1: Schematic of experimental model system used to characterize the effects of wire
conductivity and volume fraction of available monomer. Experiments conducted by Ian D.
Robertson.
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Previous investigations have explored the dynamics of FP in detail, with close exami-
nation into the effects of monomer reactivity, initiator concentration, temperature, reactor
geometry, and other factors [18, 36, 37, 38]. However, these studies have largely focused on
propagation through homogeneous media. While some research has involved the presence
of non-reactive fillers or gels [39, 40], these discrete materials have been evenly distributed
throughout the solution. The effect of continuous elements that span the length of an object
has not been explored. It is important to understand how continuous elements affect frontal
dynamics, as they are integral to applications such as composite manufacturing in the form
of unidirectional or woven fibers [41]. While the study presented in Chapter 3 is motivated
by the potential application of FP to the manufacturing of fiber-reinforced composites, this
preliminary, fundamental investigation focuses on the effects of conductive elements on the
characteristics (speed and shape) of the polymerization front. Given that FP is driven by
a thermal front, the thermal conductivity of the reinforcing phase is likely to be a crucial
factor in understanding and controlling the reaction. In a typical FP, excess thermal energy
unused for frontal propagation is left to slowly dissipate through the walls of the reaction
vessel, performing no useful function. The incorporation of a continuous conductive ele-
ment alters the thermal transport characteristics during FP and may allow heat from the
polymerization reaction to advance ahead of the front into the unreacted monomer. For a
situation such as this, we hypothesize that a larger fraction of the reaction’s energy is used
productively in heating the monomer lying ahead of the front, which accelerates the reaction
and increases frontal velocity, as schematically shown in Figure 1.1. The two most common
fiber reinforcements, glass and carbon, exhibit significantly different thermal conductivities,
which are likely to alter the FP dynamics. Additionally, the spacing between fibers may
limit or facilitate FP depending on the volume fraction of the reactive material. Motivated
by experimental observations, we numerically explore the effects of reinforcement type and
geometry based on a model composite system made of a single conductive element embedded
in a microchannel.
1.3 FP-BASED COMPOSITES MANUFACTURING
In Chapter 4, we propose a continuum-level homogenized model to study the FP-based
processing of unidirectional carbon-fiber-reinforced DCPD composites. The finite element
method is used to solve the proposed model and obtain the evolution of the temperature and
degree of cure fields during the manufacturing process. Of particular interest is the impact
of the fiber volume fraction on the characteristics of the front, i.e., speed and maximum
temperature. The analysis is first performed in a 1-D adiabatic setting. This 1-D study is
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Figure 1.2: A 900 cm2 carbon FRPC panel (with 51% fiber volume fraction) cured by FP
in 5 minutes using about 750 J of energy. Experiments conducted by Polette Centellas.
then complemented by a 2-D analysis that incorporates heat losses to the surroundings and
their effect on the propagation of the polymerization front. The model is validated against
experimental measurements of front speed and maximum temperature for DCPD/carbon
fiber composites with varying fiber volume fractions. Figure 1.2 shows a FRPC panel cured
by FP.
1.4 INSTABILITIES IN POLYMERIZATION FRONTS
Under most conditions, the polymerization front propagates in a smooth, steady fashion.
However, under certain conditions, the front experiences an unsteady propagation resulting
in surface patterns on the manufactured part (Figure 1.3). Four distinct modes of FP-driven
instabilities have been reported in the literature: (i) planar pulsation fronts which propagate
in an oscillatory fashion, (ii) spinning fronts characterized by a reaction zone moving in a
spiral fashion, (iii) non-planar aperiodical fronts that randomly migrate hot spots ahead of
the fronts, and (iv) fingering fronts that propagate in a random crawling fashion [42, 43, 44].
Experimental observations of front pulsations were first reported by Pojman et al. [45] in
unstirred solutions of methacrylic acid and benzoyl peroxide. The authors conjuctured that
both thermal diffusion and convective fluid motion ahead of the polymerization front were
responsible for the presence of pulsations. In their study, they emphasized the role played by
fluid convection motivated by the large thermal expansion associated with the exothermicity
of the reaction and isothermal contraction. Building on this work, other authors utilized
linear stability analysis to reproduce the experimentally observed instabilities by imposing
small perturbations to the hydro-thermo-chemical equations [46, 47, 48, 49]. The mathe-
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Figure 1.3: (a) Neat pDCPD panel with surface patterns originating from the point of
initiation. The surface patterns are present on both sides of the sample. (b) Surface profile
of the sample along the scan direction. Experiments conducted by Nil A. Parikh.
matical models used in these studies consist of a reaction-diffusion system combined with
the Navier-Stokes equations to capture the fluid-convection effect. The complex system of
coupled nonlinear equations is then simplified by adopting a zero-order cure kinetic model
and by assuming small perturbations around the closed-form expression of the steady-state
front velocity.
Other experimental studies suggested the imbalance between characteristics times asso-
ciated with thermal diffusion and chemical reaction to be responsible for the appearance
of these instabilities, and considered the convective fluid effects as secondary [50, 51, 52].
Chapter 5 includes later analytical studies of the contribution of first-order reaction kinetics
[27], convective heat losses [53], and reactor geometry [54].
Chapter 5 also focuses on the modeling of thermo-chemical instabilities, with emphasis
on capturing the effect of the reinforcing fiber content in DCPD-based composites. The
analysis presented in this chapter relies on a finite element solution of the transient, non-
linear, coupled, thermo-chemical model of FP to investigate planar pulsating fronts in neat
DCPD resin and carbon/DCPD composites. Emphasis is placed on capturing the effect of
the initial temperature of the monomer solution and of the fiber volume fraction on the
wavelength and amplitude of the thermal oscillations present in the immediate vicinity of
the propagating front. Motivated by experimental observations available in the literature,
we also investigate the effect of convective heat loss on the instability patterns in both neat
6
resin and carbon/DCPD composites.
1.5 EFFECT OF BOUNDARY CONDITIONS ON FP
At the heart of the frontal polymerization process is the thermal equilibrium taking place
between the heat generated by the exothermic reaction of the resin and the thermal diffusion
occurring ahead of the propagating front. However, heat exchanges taking place between the
reacting system and its surroundings may affect the thermal ‘reaction-diffusion equilibrium’
and have an impact on the key characteristics of the front, i.e., its propagation speed and
maximum temperature.
Most analytical studies of FP available in the literature are performed in a 1-D setting
[17, 55, 39, 29, 30, 31, 32] and do not involve the effects of heat losses along the boundary.
Frulleni et al. [11] used the finite difference method to simulate FP in epoxy in a 2D channel
with convective boundary conditions imposed along the edges of the channel. However,
the film coefficient value adopted in that study was relatively small and the effect of heat
loss on the system was minimal. Adopting a simplified first order kinetics model, Garbey
and Tromeur-Dervout [56] proposed a specific use of domain decomposition to model quasi-
planar unsteady fronts with applications in combustion and frontal polymerization. More
recently, Goli et al. [57] investigated the initiation and propagation of polymerization fronts
in an acrylate-filled microchannel embedded in polydimethylsiloxane (PDMS). The results
revealed a critical value of the channel radius below which the front cannot propagate due
to the heat loss to the environment.
In Chapter 6, we perform a detailed parametric study of two heat loss mechanisms: (i)
convective heat loss along the boundaries of a reacting channel, and (ii) contact heat loss via
the channel/tool-plate interfaces. The analysis is performed in 2D by solving the coupled,
transient thermo-chemical relations with the aid of an adaptive, nonlinear finite element
solver. As illustrated in this chapter, a substantial heat loss to the surroundings may greatly
slow down and even quench the polymerization front. The parametric study is performed
with reacting channel filled with a dicyclopentadiene (DCPD) monomer with latent second-
generation Grubbs catalyst, which serves as the reference material in previous studies [1, 58].
This chapter is organized as follows: In Section 6.1, we present a parametric study of the
impact of heat convection losses on the speed, temperature and shape of the front. We then
carry out in Section 6.2 a set of simulations to capture the effects of tool plates made of
different materials covering a wide range of diffusivity and conductivity coefficients on the
polymerization front. Section 6.2 also contained a study of the impact of a contact heat loss
due to the contact between the reacting channel and a very large, perfectly conductive tool.
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1.6 DATA-DRIVEN COMPOSITES MANUFACTURING
Adopting optimal FP-based manufacturing strategy for fiber-reinforced thermosetting-
matrix composites is challenging due to the presence of large number of possible combinations
of different chemical components and various fiber volume fractions. The chemistry itself, for
example, consists of different constituents such as monomer, catalyst, solvent, and inhibitor,
each with a different concentration. Without learning from the available ‘experiences’, the
only option for adjusting the chemistry to meet certain criteria is to adopt brute force
algorithms that are by definition, far from the idea of smart manufacturing.
In this situation, utilizing deep learning (DL) algorithms will enable us to efficiently search
for the best combination. In addition, the accuracy of the prediction will be continuously
increasing due to the intrinsic ability of the solver to improve its performance by learning
from the given ‘experiences’. Starting in 2015, DL has been introduced to the field of com-
posite materials [59] by research groups that mainly aim to achieve two goals; intellectual
composites design (pre-manufacturing) [60, 61, 62, 63, 64, 65] and boosting performance
(post-manufacturing) [66, 67, 68]. As a notable work, Gu et al. [61, 62] pushed the bound-
aries of applications of DL in composites design by not only classifying mechanical properties
of the composites including toughness and strength, but also optimizing the specific mate-
rial properties through ranking of mechanical properties and prior knowledge of the crack
location. Recently, Abueidda et al. [64] extended the work by incorporating volume fraction
as an input to the deep neural network and predicted actual mechanical properties.
However, tailoring the matrix phase of composites via DL algorithms, to our knowledge,
has not been studied yet. Chapter 7 aims to propose a deep learning-based design approach
for fast and application-specific composites manufacturing based on frontal polymerization.
We focus on the resin chemistry and the fiber volume fraction as they are critical to adjusting
the fabrication time and the product’s application/performance. In particular, we aim to
optimize and customize the chemistry of the resin by tailoring its cure kinetics parameters
in a way that (i) ensures the desired fabrication time and (ii) meets the application require-
ments in terms of the required volume fraction of fibers. This part is referred to as the
‘inverse problem’. Before moving on to the inverse problem, we present a steady-state solver
that extracts the front characteristics for a given chemistry without the need to deal with
numerical challenges associated with the transient nonlinear solver. Such a solver enables
us to generate a large data set that serves to train our proposed ChemNet.
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1.7 CONCLUDING REMARKS AND FUTURE WORK
The last chapter of the thesis summarizes the key contributions of this work and proposes
some potential areas of future research.
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CHAPTER 2: FRONTAL POLYMERIZATION IN THERMOSETTING
POLYMERS
The results presented in this chapter have been published in the following paper: Goli,
E., Robertson, I.D., Agarwal, H., Pruitt, E.L., Grolman, J.M., Geubelle, P.H. and Moore,
J.S., 2019. Frontal polymerization accelerated by continuous conductive elements. Journal
of Applied Polymer Science, 136(17), p.47418. (https://doi.org/10.1021/acs.jpcb.7b12316)
As frontal polymerization is being considered as a faster and more energy efficient manufac-
turing technique for polymer-matrix fiber-reinforced composites, we perform in this chapter
a finite-element-based numerical study of the initiation and propagation of a polymerization
front in neat dicyclopentadiene (DCPD) resin. The transient thermo-chemical simulations
are complemented by an analytical study of the steady-state propagation of the polymeriza-
tion front, allowing to draw a more direct link between the cure kinetics model and the key
characteristics of the front, i.e., front velocity and characteristic length scales. The second
part of this chapter focuses on the prediction of the temperature spike associated with the
merger of two polymerization fronts. The thermal peak, which might be detrimental to the
properties of the polymerized material, is due to the inability of the heat associated with
the highly exothermic reaction to be dissipated when the two fronts merge. The analysis
investigates how the amplitude of the thermal spike is affected by the degree of cure at the
time of the front merger.
2.1 EXPERIMENTAL OBSERVATIONS
This section summarizes some of the experimental observations obtained by Ian D. Robert-
son, which motivated the modeling work described hereafter.
2.1.1 Single Front
The representative experiment described hereafter is based on FROMP of 2nd-generation
Grubbs’ catalyst (GC2) and DCPD. While previous examples of FROMP have required an
inhibitor to prevent spontaneous polymerization, it is also possible to slow the reaction at
room temperature by reducing the catalyst concentration to 100 ppm. This reduced concen-
tration of catalyst allows for a pot life of approximately 15 min after mixing the catalyst
with DCPD. The catalyst is dissolved in a minimal quantity of toluene and added to the
DCPD. The monomer solution is added to a glass test tube, which is subsequently heated
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near the surface of the liquid. After the solution has been sufficiently heated, the frontal
polymerization begins and rapidly consumes the DCPD with a frontal velocity of 1.43 mm/s
(Figure 2.1). Since the front is in a descending mode, there is minimal convection and the
heat transfer is driven primarily by conduction. The resulting polydicyclopentadiene (pD-
CPD) is transparent and stiff, essentially identical to material that has been conventionally
polymerized.
Figure 2.1: FROMP of DCPD: application of heat to the surface of the tube initiates the
propagation of the polymerization front (moving downward) turning the pale pink DCPD
monomer/catalyst solution into a transparent polymer pDCPD. (Courtesy of Dr. Ian D.
Robertson)
2.1.2 Merging Fronts
The production of large components using FP would be greatly accelerated by initiating
the reaction at multiple points. For example, using two initiation points at opposite ends
of a component may cut the reaction time in half. However, the effect of initiating FP at
multiple locations has yet to be studied. A key factor in examining multi-point initiation is
understanding what happens upon the convergence of two fronts. Here we adopt a model
system to visualize the two merging fronts. A mold composed of two glass slides spaced 6
mm apart with a polyurethane gasket is filled with DCPD/GC2 solution (Figure 2.2). A
Ni-Cr wire is passed through opposite ends of the mold and an electrical current is used to
resistively heat the wire and simultaneously initiate two fronts.
The fronts propagate through the mold and merge in the center region. The close spacing
of the glass slides prevents the manifestation of complex phenomena such as fingering or
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Figure 2.2: Schematic of the front merging experiment: an electrical current is applied to a
resistive wire inside the narrow glass plate mold to initiate the two polymerization fronts.
(Courtesy of Dr. Ian D. Robertson)
pulsation, as has been observed in other studies of horizontal FP [69, 70, 71]. Since the mold
is open at the top, the in situ temperature can be visualized with an IR camera. As shown
in Figure 2.3, the fronts propagate with roughly constant temperature until they merge, at
which point a temperature spike is observed. Since this temperature overshoot may impact
the mechanical properties of the polymerized material, it is important to develop the model
to characterize and predict its amplitude. This modeling effort is the focus of the next
sections.
Figure 2.3: IR images of two fronts converging from either side of the mold. The peak
temperature at each individual front is about 200 ◦C. At the point of merging, a temperature
spike in excess of 235 ◦C is observed. (Courtesy of Dr. Ian D. Robertson)
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Table 2.1: Parameters of the nth-order with Autocatalysis Model for DCPD.
Log[A] (s−1) E ( kJ
mol
) n kcat
5.281 51.1 1.927 0.365
2.2 CURE KINETICS MODEL AND BULK POLYMERIZATION
The cure kinetics model adopted in this study is the nth-order with Autocatalysis Model
extracted by Kessler et al. [72] based on Differential Scanning Calorimetry (DSC) experi-






)(1− α)n(1 + kcatα). (2.1)
In Equation (2.1), α denotes the degree of cure, t (in s) the time, A (in s−1) the pre-
exponential factor, E (in J
mol
) the activation energy, T (in K) the temperature, R (in J
mol.K
)
the universal gas constant, and kcat the autocatalysis coefficient. The parameters A, E,
n, and kcat obtained in [72] are listed in Table 2.1. Although the focus of this chapter
is on the simulation of frontal polymerization, the results presented in later sections will
show that bulk polymerization of DCPD ahead of the front plays a key role in defining the
characteristics (speed and width) of the front. The coupled thermo-chemical relations that











) and Hr (in
J
kg
) respectively denote the specific heat and the total enthalpy
of reaction. The rate of cure (∂α
∂t
) versus degree of cure (α) curves corresponding to an initial
temperature T0 = 20
◦C, Cp = 1440
J
kg.K
, Hr = 352.1 J/g and for four initial values of α
(α0 = 0, 0.1, 0.2, and 0.3) are shown in Figure 2.4.a, while Figure 2.4.b presents the evolution
of the temperature during polymerization.
Note that the maximum temperature Tmax associated with the bulk polymerization is
related to the initial temperature, T0, initial degree of cure, α0, total enthalpy of reaction,
Hr, and specific heat, Cp as follows






Figure 2.4: Bulk polymerization of DCPD: (a) Rate of cure versus degree of cure for four
values of the initial degree of cure α0; (b) Time evolution of the temperature.
2.3 FRONTAL POLYMERIZATION: SINGLE FRONT CASE
2.3.1 Problem Description
The modeling of the initiation and 1-D propagation of a polymerization front involves
solving the following coupled partial differential equations for α(x, t) and T (x, t) for 0 ≤














)(1− α)n(1 + kcatα),
(2.4)
where κ (in W
m.K
) and ρ (in kg
m3
) are the thermal conductivity and the density, respectively.
These equations are completed with the following initial conditions: α(x, 0) = α0 and
T (x, 0) = T0. To initiate the FP, we apply a ‘triggering temperature’, Ttrig, for a short
period of time 0 ≤ t ≤ ttrig at the left edge (x = 0), which is then kept insulated, asT (0, t) = Ttrig for 0 ≤ t ≤ ttrig,∂T
∂x
|(0,t)= 0 for t > ttrig.
(2.5)
Adiabatic conditions are imposed at x = L throughout the simulation.
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2.3.2 Numerical Solution
A key challenge associated with FP modeling is the need for capture the sharp gradients in
temperature and degree of cure present in the moving front. These sharp gradients suggest
the use of an adaptive spatial discretization of the domain, with coarser elements ahead and
behind the front, and smaller elements in the immediate vicinity of the front. In this study,
we adopted the Multiphysics Object-Oriented Simulation Environment (MOOSE) [73], an
open source C++ finite element solver that offers such adaptivity. The solver combines an
implicit Euler time stepping scheme and the preconditioned Jacobian-free Newton Krylov
scheme [74, 75] to solve the nonlinear system of equations at each time step.
In the results presented hereafter, the temperature solution is normalized as
θ =
T − T0
T 0max − T0
, (2.6)
where T 0max corresponds to the maximum temperature (2.3) with α0 = 0:




The domain length L is chosen to be large enough (L = 50mm) to allow for the capture
of the ‘quasi-steady-state’ propagation of the front and the bulk polymerization of DCPD
ahead of the front. The thermal conductivity and density values are set at κ = 0.152 W
m.K
and ρ = 980 kg
m3
, respectively, and θtrig = 0.85 is applied for 10 seconds. The initial number
of two-node elements (i.e., prior to any mesh adaptivity) used in these 1D simulations is 50
and the time step is 0.02 s. An h-adaptivity with a maximum refinement level of 3 is used
to refine the mesh around the advancing front.
Figure 2.5 presents the normalized temperature and cure profiles at different times (t =
1, 2, 3, and 4 minutes) during FP for the uncured (α0 = 0) and partially cured (α0 = 0.2)
systems. These results show the ability of the model to capture the (quasi) steady-state
solution of the propagating front after the initial transients associated with the initiation
of FP. Note, however, due to the bulk polymerization taking place ahead of the front,
the front does not encounter fully steady-state conditions. The results of a parametric
study of the effects of α0 on the polymerization front speed Vf are shown in Figure 2.6,
with the symbols denoting the numerical results and the dashed curve the exponential fit:
Vf = 0.177 exp(−3.185 α0) (mm/s). Figures 2.5.a and 2.5.b show that the polymerization
front is characterized by two length scales: one (Lθ) associated with the temperature solution,
and the other (Lα) associated with the degree of cure. Let us define these two characteristic
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(a) (b)
Figure 2.5: Temperature and degree of cure profiles obtained at t = 1, 2, 3, and 4 minutes
for (a) α0 = 0 and (b) α0 = 0.2.
Figure 2.6: Front velocity versus α0: numerical results (symbols) and exponential fit (dashed
curve).
length scales as Lθ =
∣∣∣xθ=0.05 − xθ=0.95θmax∣∣∣ ,
Lα =
∣∣∣xα=0.05+α0 − xα=0.95∣∣∣ , (2.8)
where, according to Equations (2.3) and (4.4), θmax is equal to 1− α0.
As apparent in Figure 2.5 and summarized in Figure 2.7, the two characteristic length
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scales increase (i.e., the front becomes less sharp) with increasing α0.
Figure 2.7: Effect of α0 on the characteristic lengths Lθ and Lα of the polymerization front.
2.3.3 Steady-State Solution
As apparent in Figure 2.5, the transient finite element scheme does not fully capture
the steady-state FP solution, as the front propagates through a polymer undergoing a bulk
polymerization. While this ‘competition’ between bulk and frontal polymerization is a key
aspect of the numerical study of merging fronts described in Section 2.4, we develop in the
remainder of this section a semi-analytical approach to obtain a fully steady-state solution
of a single propagating front. By transforming the non-linear, coupled partial differential
equations (PDE) described by Equations (2.4) into a set of coupled ordinary differential
equations (ODE), the steady-state formulation presented hereafter allows to greatly reduce
the computational cost, thereby creating a much more efficient tool to study the impact of
cure kinetics on the speed and characteristic lengths of the polymerization front.
The formulation starts by non-dimensionalizing the time t, the spatial coordinate x and








T 0max − T0
, (2.9)
where L is a characteristic length scale to be determined. Substituting Equations (6.3) into
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(2.12)
are both dimensionless. It should be noted that substituting T 0max from Equation (4.4) leads
to γ = 1. Due to the constant nature of the front velocity, the steady-state solution for the

















where y and W =
Vf
AL
are the non-dimensional distance from the front and front velocity,
respectively. Substituting Equations (2.13) and (2.14) into Equation (2.10) leads to the































The nondimensional form of the boundary conditions is
∧
θ(y = 0) = 1− α0
∧









(y = 1) = 0
∧
α(y = 0) = 1− ε ∧α(y = 1) = α0.
(2.16)
In Equation (2.16), the parameter ε is introduced due to the presence of the (1− α) term
in the cure kinetics model (Equation (2.1)). Numerical experiments have shown that the
steady-state solution becomes independent of ε when ε ≤ 0.01. The steady-state problem
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(a) (b)
Figure 2.8: Temperature and cure profiles obtained by steady-state solution; (a) α0 = 0 and
(b) α0 = 0.2.
Table 2.2: Comparison between the FEM and steady-state solutions for α0 = 0.
solution method Vf (mm/s) L(mm) Tmax(
◦C) Lθ(mm) Lα(mm)
FEM 0.169 N.A. 264.5 3.10 2.00
Steady-state 0.170 11.2 264.5 2.73 1.96
defined by Equations (2.15) and (2.16) can readily be solved by combining an explicit finite
difference scheme to integrate the solution over the interval y = 0 to y = 1 and an iterative
scheme to solve for the values of two unknown coefficients W and L that allow the boundary
conditions at y = 1 to be satisfied.
The temperature and cure profiles obtained with the steady-state solver are shown in
Figure 2.8 for the two cases investigated earlier, i.e., α0 = 0 and α0 = 0.2. The profiles are
very similar to those obtained numerically in Figure 2.5. For these two cases, the extracted
front speed values are Vf = 0.170 and 0.095 mm/s, respectively, while the corresponding
characteristic lengths are Lθ = 2.73 and 5.4 mm, Lα = 1.96 and 3.6 mm, respectively. Table
2.2 presents a direct comparison between the FEM and steady-state solutions for the case
α0 = 0, showing an excellent agreement between the two solutions.
As mentioned before, the steady-state solution can be utilized to evaluate the effect of
cure kinetics parameters on the propagation speed. The results of a parametric study of
the effect of the activation energy on the front velocity and characteristic length associated
with the degree of cure are presented in Figure 2.9. By providing a direct link between cure
kinetics and front properties, the steady-state solver provides an efficient tool to tailor the
chemical system.
19
Figure 2.9: Front velocity Vf and characteristic length associated with degree of cure Lα
versus activation energy E obtained with the steady-state approach.
2.4 FRONTAL POLYMERIZATION: MERGING FRONTS
As discussed in the introductory section, FP has been proposed as a more energy efficient
and faster manufacturing technique for polymeric-matrix composites. The fabrication pro-
cess can be further sped up by using multiple trigger points. The use of multiple triggering
locations might also limit or control the amount of bulk polymerization taking place in the
uncured portion of the domain ahead of the front. However, as was shown in the experimen-
tal section of this chapter, a temperature spike is observed when two fronts merge, and this
thermal spike might lead to the degradation of the polymerized material.
To investigate this issue, we present in this section a transient analysis of two polymeriza-
tion fronts propagating in opposite directions and merging in the middle of a 1D domain.
Special emphasis is placed on capturing the link between the observed thermal spike and
the values of the state variables (temperature and degree of cure) at the time of the front
merging event. To that effect, we solve the same example as discussed in Section 2.3.2 but
with polymerization fronts initiated at opposite ends of the domain.
Figure 2.10 shows a typical evolution of the temperature and cure profiles, clearly demon-
strating the existence of a substantial thermal spike where the fronts merge, as the extra
heat generated by the exothermic reaction does not have any opportunity to ‘escape’.
As shown in Section 2.3.2, the degree of cure encountered by the front strongly affects
the maximum temperature, front velocity and front sharpness. As illustrated in Figure
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Figure 2.10: Temperature and degree of cure profiles associated with two merging polymer-
ization fronts in DCPD. The red curves show the temperature and degree of cure profiles at
the time of temperature peak.
2.11, which presents the evolution of the thermal and degree-of-cure fronts obtained for two
different lengths of the channel, the degree of cure at the time of merger also affects the
amplitude of the thermal overshoot associated with the merger of two polymerization fronts.
A detailed analysis of the numerical results indicates that the degree of cure at the time the
two fronts merge is indeed the primary variable that affects the magnitude of temperature
overshoot: the higher the value of the degree of cure at the time of the merger of the two
fronts, the lower is the value of temperature overshoot. In fact, two modes of front merger
are observed. In the first mode, the degree of cure at the time the two fronts merge is low,
leading to the creation of a thermal overshoot (Figure 2.10). As the degree of cure at the
time of the front merger increases, the amplitude of the thermal spike decreases, as shown
in Figure 2.11.a. If sufficient bulk polymerization has taken place prior to the arrival of
the fronts, little to no thermal overshoot is observed. This second mode is shown in Figure
2.11.b.
Let us define the degree of cure at the time of collision, α∗ as the degree of cure at the
middle of the channel (assuming that the two fronts started at the same time) at the time
t∗ when the evolution of the degree of cure associated with a single polymerization front
‘separates’ from that associated with bulk polymerization (Figure 2.12). Let us also define
the temperature overshoot ratio, β , as the ratio of maximum temperature when fronts
meet to the maximum temperature associated with a single front. Based on more than 50
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(a) (b)
Figure 2.11: Merging fronts in (a) 150 and (b) 200 mm length channels.
numerical experiments involving a range of channel length, we present in Figure 2.13 the
relation between β and α∗. The ‘dampening’ effect of α∗ on the thermal overshoot in mode
I is clearly visible. The figure also shows that, beyond a critical value of α∗ (approximately
equal to 0.37), no thermal overshoot associated with a single temperature peak is observed,
as the solution enters the second mode of front merging. The dependence of β on α∗ in the
first mode can be approximated with the following cubic polynomial fit also shown in Figure
2.13:
β = 3.281(α∗)3 − 0.8857(α∗)2 − 1.135α∗ + 1.4455 0 < α < 0.36. (2.17)
To predict the value of the temperature overshoot ratio, β, in a channel of arbitrary
length, we present hereafter the following simple three-step algorithm. The first step involves





where L is the initial distance between the two fronts, V and Lθ respectively denote the
steady-state front speed and degree-of-cure length scale, and λ is a non-dimensional, numer-
ically obtained parameter found to be 28.3 for the DCPD system.
The second step involves computing α∗ by solving the bulk polymerization ODEs 2.1 and
2.2 with the aid of a simple explicit time stepping scheme. The value of α∗ is then entered in
Equation (2.17) to predict the value of β for a channel of arbitrary length. Table 2.3 shows
the accuracy of the proposed method by comparing estimated and numerical values of β for
three values of the channel length.
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Figure 2.12: Definition of t∗: evolution of the degree of cure in bulk polymerization of
DCPD (solid curve) and in the single polymerization front (dashed curve).
Figure 2.13: Temperature overshoot ratio for different degrees of cure at t = t∗. The vertical
line separates the first and second modes of front merging.
2.5 CONCLUSIONS
In this chapter, a numerical analysis of frontal polymerization in DCPD using a transient
finite element approach was presented. The adaptive numerical scheme is able to capture the
sharp gradients in the temperature and degree of cure profiles in the vicinity of the advancing
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Table 2.3: Accuracy of the proposed method for prediction of β.
L(mm) β (FEM) β (Estimated) Error (%)
70 1.405 1.404 0.07
125 1.332 1.327 0.38
147 1.275 1.257 1.41
front. The numerical analysis, complemented by a semi-analytical steady-state formulation,
allows to relate the parameters entering the cure kinetics model to the key properties of
the propagating polymerization front, i.e., its speed and the characteristic lengths of the
temperature and degree of cure solution. The analysis has also investigated the pre-cured
state of the polymer ahead of the front affects these key properties by slowing down the
front and widening the front. The analysis then focused on characterizing the merging of
two polymerization fronts, and in particular on quantifying the associated thermal spike as
the heat generated by the highly exothermic reaction is unable to dissipate when the two
fronts are very close to each other. The analysis has also demonstrated how the degree of
cure of the material at the time of the front merger affects the amplitude of the temperature
spike, suggesting that pre-curing the region where the fronts are expected to merge might
reduce the potential thermal degradation of the polymerized material.
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CHAPTER 3: ACCELERATING POLYMERIZATION FRONTS BY
CONDUCTIVE ELEMENTS
The results presented in this chapter have been published in the following paper: Goli,
E., Robertson, I.D., Agarwal, H., Pruitt, E.L., Grolman, J.M., Geubelle, P.H. and Moore,
J.S., 2019. Frontal polymerization accelerated by continuous conductive elements. Journal
of Applied Polymer Science, 136(17), p.47418. (https://doi.org/10.1002/app.47418)
To investigate the effect of conductive elements on the propagation of the polymerization
front, we adopt metal filaments as fiber analogs as they offer a wide range of thermal conduc-
tivity values and can be readily manipulated while maintaining their mechanical integrity.
The experimental setup, designed and built by Dr. Ian D. Robertson, consists of a mi-
crochannel embedded in a polydimethylsiloxane (PDMS) matrix with a continuous filament
threaded through the center (Figure 3.1). We then numerically explore the effect of different
continuous reinforcements by altering the wire material, and we vary the channel diameter
to investigate the effect of ‘fiber’ volume fraction.
3.1 EXPERIMENTAL DESIGN AND OBSERVATIONS
Single glass and carbon fibers are difficult to handle since they are typically 7 to 10 µm
in diameter and may be quite brittle. Instead, in this study we adopt metal filaments as
fiber analogs since they possess a range of thermal conductivities similar to that of carbon
and glass and can be readily manipulated while maintaining their mechanical integrity. The
experimental design consists of a microchannel embedded in a polydimethylsiloxane (PDMS)
matrix with a continuous filament threaded through the center (Figure 3.1). We explore the
effect of different continuous reinforcements by altering the wire material, and we vary the
channel diameter to investigate the effect of fiber volume fraction. FP in this model system is
also studied numerically to explore a variety of chemical kinetics, materials, and geometries.
Trimethylolpropane triacrylate (TMPTA) was purchased from Aldrich. Prior to use,
TMPTA was passed over basic alumina to remove unwanted inhibitor. Trihexyltetrade-
cylphosphonium persulfate (TETDPPS) was synthesized according to literature procedures
[76]. The Sylgard 184 PDMS was purchased from Dow-Corning. Nylon monofilament was
purchased from Berkley Fishing Supply. Copper and stainless-steel wires of 0.003 in ( 80 µm)
diameter were purchased from McMaster Carr. Microchannels were fabricated by encasing
nylon monofilaments of different diameters (584 µm, 711 µm, 762 µm, 828 µm, 1120 µm)
in a 6-mm sheet of Sylgard 184 PDMS using a rectangular glass plate mold. Molds were
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Figure 3.1: Schematic of experimental model system used to characterize the effects of wire
conductivity and volume fraction of available monomer. (Courtesy of Dr. Ian D. Robertson)
cured for 30 min at 115 oC. After curing, the monofilament was removed, leaving behind
channels of the same diameter. Samples were then cut into 5 cm long 6x6 mm sections for
FP testing. Copper and stainless-steel wires 80 µm in diameter were threaded through the
channels by attaching one end of the wire to the nylon monofilament with superglue prior
to its extraction from the PDMS. Removing the nylon monofilament cleanly threaded the
wire through the channels.
TMPTA (2.75 g, 9.2 mmol) was mixed with TETDPPS (42.5 mg, 0.0367 mmol) in a vial.
The solution was thoroughly mixed and degassed under vacuum for 5 minutes. Each PDMS
microchannel segment was affixed to a glass microscope slide, and the metal filament, if
present, was pulled taut and secured to the slide with tape. Care was taken to center the
filaments within the channel during this process; however, it was difficult to perfectly align
filaments across the entire length of the channel. As a result, some samples drifted ca. 20%
of the channel diameter to either side. FP was initiated by applying a soldering iron to the
bottom PDMS surface of one end of the sample until propagation was observed (usually ∼5
seconds), making sure not to contact the metal filament directly. All reactions were carried
out within 30 minutes of mixing to avoid the effects of bulk polymerization. FP was recorded
on video and frontal velocity was calculated based on the front position over time. Fronts
were tracked starting ∼20 mm from the initiation point to avoid any potential effect of the
soldering iron on the FP. The front propagated horizontally. Frontal profiles were obtained
by performing the above protocol under an Olympus X751 microscope with an attached
Phantom v7.3 high-speed camera recording at 1000 frames per second.
Infrared temperature measurements were made with a FLIR, Model SC620 IR camera
equipped with a macro lens. Samples were prepared with channels adjacent to the PDMS
surface to allow maximum IR transmission, while retaining the monomer solution. FP was
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again performed according to the above protocol.
FP in small volumes is challenging because of the high surface-area-to-volume ratio, which
typically leads to quenching of the front from conductive heat loss [17]. Previous small-
volume FP studies have required the use of highly reactive and exothermic radical polymer-
izations to overcome this thermal deficit. Datta et al. polymerized acrylamide in thin lay-
ers, [38] and, in a previous publication, we polymerized neat trimethylolpropane triacrylate
(TMPTA) in microvascular networks. Both these monomers possess a high energy density,
which can be represented as molecular weight per reactive group (71 for acrylamide, and
99 for TMPTA). The substantial thermal energy released by radical polymerization of these
acrylic monomers is critical to enable small-volume FP. However, common radical initiators
(e.g. benzoyl peroxide, azobisisobutylnitrile, cumene hydroperoxide etc.) produce gaseous
byproducts, leading to bubble formation. This is particularly problematic in a microvascular
system, where a small amount of gas could block the channel and quench FP. Datta et al.
used aqueous solutions of potassium persulfate,[38] which produces no gaseous byproducts,
but this initiator is not soluble in a neat acrylic monomer. In this work, we take advantage of
a persulfate initiator developed by Mariani et al., trihexyltetradecylphosphonium persulfate
(TETDPPS), that does not produce gaseous byproducts and is also miscible with TMPTA,
[76] thereby allowing FP without thixotropic filler (Figure 3.2). We successfully achieved FP
in channels as small as 711 µm in diameter, the smallest yet reported. By performing FP
in small channels, we aim to emulate the environment of a reinforcing fiber in a composite,
wherein fibers are typically packed closely together. The small volume of the microchannel
is designed to simulate the volume of available monomer surrounding a fiber in a composite.
The fiber itself is modeled with an 80 + 10 µm wire to make sure effects on FP dynamics
are clearly visible. Copper and 302/304 stainless steel wires were chosen due to their dis-
parate thermal conductivities. Copper is highly conductive at 386 W
m.K
[77] while 302/304
stainless steel is only slightly conductive at 16 W
m.K
[77]. The surrounding PDMS acts as
an insulator given its low thermal conductivity of 0.21 W
m.K
. The heat capacities of PDMS,
copper, and steel are 1551, 380, and 502 J
kg.K
, respectively. Copper’s low heat capacity may
produce enhanced FP compared to stainless steel since it requires less energy to raise its
temperature.
Solutions of TETDPPS and TMPTA were injected into 5 cm long channels with diameters
of 584 µm, 711 µm, 762 µm, 828 µm, and 1120 µm. We chose the channel sizes based on
the diameters of nylon monofilament available commercially used to create the channels in
PDMS. Each channel contained either no wire, an 80 µm stainless steel wire, or an 80 µm
copper wire. FP was initiated with local heating at one end of the sample. High-speed
video microscopy of the resulting FP in 1120 µm channels showed samples with copper wire
27
Figure 3.2: Highly reactive triacrylate (TMPTA) monomer and initiator solution that pro-
duces non-volatile byproducts (TETDPPS).
propagated fastest, followed by stainless steel, and samples with no wire propagated slowest
(Figure 3.3).
Figure 3.3: High-speed imaging of frontal propagation in 1120 µm channels, showing the
acceleration effect of the conductive element. Note also the change in the frontal shape.
Samples are lying horizontally. (Courtesy of Dr. Ian D. Robertson)
There was also a visible difference in the shape of the fronts. In samples without a wire, the
fronts were relatively flat, with a small amount of curvature at the edges likely due to local
heat loss between the microchannel and the PDMS. Samples with a copper wire exhibited
roughly conical shapes, with a small deflection near the wire, while fronts in stainless steel
samples were only slightly conical, behaving more like the samples with no wire.
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Figure 3.4: (a) Infrared temperature image of FP in a microchannel. (b) Temperature versus
position along the frontal axis during propagation with wire-free, a stainless steel wire, and
a copper wire. Peak temperatures from each sample have been aligned to compare the area
directly ahead of the front. (Courtesy of Dr. Ian D. Robertson)
To provide more insight on these observations, thermal images of samples were taken
during frontal propagation. Samples without a wire exhibited a typical temperature profile
for FP, with a single sharp heating profile accompanying the front (Figure 3.4). Samples
with a copper wire exhibited a ∆T of ca. 10 oC ahead of the main frontal heating profile,
while no visible preheating was observed with the stainless-steel wire. This relatively small
amount of heating was sufficient to give rise to the substantial increase in frontal velocity in
copper wire samples. As peak temperatures remain nearly the same, the copper wire must
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accelerate FP by transferring heat from the polymer behind the front into the monomer
ahead of the front, preheating it. The monomer is heated most near the wire, and least near
the walls of the channel. The temperature of the monomer prior to propagation is known
to significantly impact the frontal velocity; [17] thus, the heated monomer near the wire
reacts faster than the monomer at the edges. The edges are cooled by the PDMS matrix,
which slows reaction and produces the conical shape. A small deviation from the conical
shape is visible directly adjacent to the wire. This is likely due to the small portion of the
front’s heat of reaction being conducted away through the wire, which causes a small local
reduction in frontal velocity. However, the effect is not significant enough to overcome the
acceleration provided by the preheating effect. This ‘wire-induced acceleration’ is similar
to the acceleration by convection described by Bazile et al. [78]. In that case, monomer
heated in the frontal reaction zone was pushed ahead into unreacted monomer by buoyancy-
driven convection, which varied based on the orientation of the sample. This additional
mode of heat-flow accelerated propagation by increasing thermal transport. Given that the
magnitude of the acceleration effect is based on the amount of thermal energy transported
through the wire, the channel diameter is likely to play a significant role. For FP in a
non-adiabatic environment, there exists a critical radius below which propagation will not
be observed due to heat loss to the environment. In the previously explored microchannel
FP system, this value was difficult to ascertain due to bubble formation by the inhibitor,
which caused front quenching unrelated to heat loss [79]. The use of the persulfate initiator
allowed us to systematically vary channel size to determine a distinct range wherein the
critical radius lies (Figure 3.5). In samples without wire, frontal velocity was observed to
decrease with channel diameter from 1120 µm to 711 µm, and no propagation was observed
in 584 µm samples. Thus, the critical radius for this system is somewhere between 711 and
584 µm. To our knowledge, this is one of the smallest diameter channels that supports FP.
The size of the channel also played a role in the acceleration effects produced by conductive
elements. In the larger channels, samples with copper wire showed the greatest amount of
acceleration, while in smaller channels, acceleration was more modest. This is likely because
smaller channel sizes lose more heat to their surroundings due to their larger surface area
to volume ratio and, thus, use a greater fraction of their heat of reaction to preheat the
wire. This attenuates the preheating-induced acceleration by drawing heat away from the
reaction zone. As mentioned before, care was taken to keep the filaments as near the center
of the channels as possible, although some deviation was inevitable. Regardless, as shown in
Figure 3.5, the standard deviation in frontal velocity among samples containing wires was
small.
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Figure 3.5: Frontal velocity of copper, stainless steel, and wire-free samples with different
channel diameters. No propagation was observed in 584 µm channels. Error bars represent
standard deviation with N=3. (Courtesy of Dr. Ian D. Robertson)
3.2 COMPUTATIONAL MODELING
3.2.1 Problem Description
A key question to address in this work is whether the observed acceleration is caused
primarily by the thermal transport characteristics of the wire, or whether fluid effects such
as fingering and convection affect the frontal velocity as shown in previous studies [40, 17].
The small scale of the channels may limit fluid convection phenomena and are not detected
visually, but a model that captures the observed acceleration behavior without introducing
mass transport contributions would support our hypothesis of the primary role played by
the wire’s thermal properties. We recently used finite element method to investigate the 1D
transient and steady state propagations of a polymerization front in DCPD [58]. Numerical
modelling lends itself well to the complexity of FP in non-uniform material systems, allowing
for the exploration of different sample geometries, materials, and chemical kinetics. The








As in other studies [80, 81, 82, 83], we adopt the nth-order cure kinetic model to describe
the reaction of acrylate-based systems, i.e.,
f(α) = (1− α)n, (3.2)
where n (non-dimensional) is referred to as the order of reaction. The optimization solver
discussed in previous chapter minimizes the error between the ∂α
∂t
−T curves extracted from
DSC test data on the chemistry of interest, and the curves obtained by the chosen cure kinetic
model. Figure 3.6 shows the fitted curves for three different temperature ramps associated
with DSC runs. Denoting the total heat of reaction by Hr (in J
kg
), the axisymmetric, transient





















Figure 3.6: Rate of cure versus temperature drawn for DSC measurements (solid lines) and











The coupled partial differential equations are expressed in a non-dimensional form to
construct a more generalized model. Let the non-dimensional time be τ = At. If the initial





where Tmax = T0 +
Hr
Cp
corresponds to the maximum temperature behind the polymerization
front in the adiabatic, no-wire case. Using the microchannel radius, Rc, as the characteristic
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R [θ(Tmax − T0) + T0]
). (3.7)
Equations (3.6) and (3.7) are solved with the aid of the nonlinear transient finite element
solver MOOSE described in Chapter 2. The computational domain is shown schematically
in Figure 3.7. The model is axisymmetric, with a conductive element of radius Rw and a
microchannel radius Rc. The microchannel is embedded in a hollow PDMS cylinder of outer
radius RPDMS (= 3 mm) and length L = 5 mm. All the boundaries are insulated. The
ignited boundary is subjected to a fixed temperature Ttrig until the front initiates. Then
the source is removed for the remainder of the simulation. The thermal properties of the
various components, and the parameters entering the cure kinetics model for the monomer
are available in [57] .
Figure 3.7: Schematic of the axisymmetric computational domain.
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To lower the computational cost, an adaptive meshing procedure is adopted to capture
the sharp temperature and degree-of-cure gradients present in the vicinity of the advancing
front, as shown in Figure 3.8. The transient analysis also involves an adaptive time-stepping
scheme to further speed up the numerical simulations.
Figure 3.8: Illustration of mesh adaptivity used to capture the advancing polymerization
front.
3.2.2 Computational Modeling: Results
3.2.2.1 1-D Simulations
Simulations were first performed in a 1-D domain to model FP in an adiabatic micro-
channel filled with monomer. The domain was insulated at one end and the front was initi-
ated from the other end. The initial temperature in the whole domain is set at T0 = 30
oC.
We start solving the problem with 150 2-node 1-D elements before any mesh refinement. For
all the simulations L = 5 mm, ttrig = 1 s, θtrig = 0.9, and the time step size ∆t = 0.005 s,
were chosen, and the maximum order of mesh adaptivity was set at 3. Figure 3.9 presents
the evolution of the degree of cure and normalized temperature, with the polymerization
front progressing from left to right. The figure confirms that the length of the channel, L, is
large enough to capture the steady propagation of the polymerization front. The predicted
front velocity is about 20.0 cm
min
and is independent of the triggering temperature.
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Figure 3.9: Simulated frontal cure and temperature profiles for a 5 mm 1-D domain, showing
the sharp gradient in the temperature and degree of cure solutions as the front propagates
from left to right. The front experiences a short transient regime followed by a steady-state
propagation.
3.2.3 Axisymmetric Simulations
Based on the geometrical model shown in Figure 3.7, axisymmetric simulations were first
conducted in the absence of the conductive element (Rw = 0) and for six values of the
microchannel radius (2.5, 2, 1.5, 1, 0.75, and 0.4 mm). In the absence of the conductive ele-
ment, the computational domains are discretized using 30,000 4-node quadrilateral elements
at the start of the simulations before any mesh refinement. As observed experimentally,
the simulations show that the front speed in the acrylate-filled microchannel decreases with
decreasing channel diameter due to heat loss to the surrounding PDMS, yielding front ve-
locities from 19.6 to 15.1 cm
min
for the five channels with radii ranging from 2.5 to 0.75 mm.
For the 0.4 mm radius microchannel, the temperature gradient abruptly dropped soon after
it was initiated, resulting in the quenching of the front. Figure 3.10 presents the normalized
temperature and degree of cure profiles along the axis (r = 0) for micro-channels with Rc
= 1.5 and 0.75 mm. The wider microchannel generates enough heat by exothermic reaction
to sustain the polymerization front, resulting in a higher temperature gradient, a sharper
front, and a higher propagation speed. In the narrower microchannel, the heat loss to the
surrounding PDMS results in a diffuse front and a slower propagation.
Frontal polymerization is a self-sustained process based on the thermal equilibrium be-
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Figure 3.10: Normalized temperature (θ) and cure (α) profiles at r = 0 for (a) Rc = 1.5 mm,
and (b) Rc = 0.75 mm at equal time intervals in the absence of a conductive element, showing
a slower polymerization front for the narrower microchannel due to higher heat loss to the
surrounding material.
tween the heat generated by exothermic reaction and the heat consumed by an advancing
front. Boundary conditions effects, i.e., heat loss to the surrounding medium can alter
this equilibrium. To illustrate this competition between diffusion and reaction, Figure 3.11
presents the temperature contours for three values of the microchannel radius, showing the
increasing contribution of diffusion effects as the channel radius decreases. The front shape
is made convex due to the heat loss to the PDMS, which slows down the polymerization. A
more detailed study of the effects of the heat loss to the surrounding will be presented in
Chapter 6.
The effect of the channel radius on the evolution of the front position, defined as the
location along the axis r = 0 where the degree of cure is equal to 0.5, is also illustrated in
Figure 3.10, which supports the experimental observations presented in Figure 3.5. To model
the effect of a continuous conductive element, simulations were performed with copper and
steel wires. The wire radius Rw was fixed at 40 µm, as in the experiments, and the channel
radius was set to Rc = 1 mm. As apparent in Figure 3.12, the presence of a conductive
element speeds up the front, with the front velocity increasing from 16.4 cm/min in the
absence of a wire to 17.6 cm/min with the steel wire and 21.8 cm/min for the case of a
copper wire. The presence of the conductive element also strongly affects the shape of the
polymerization front, especially in the case of the copper wire, as observed experimentally
(Figure 3.3).
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Figure 3.11: Normalized temperature (θ) contours for (a) Rc = 2.0 mm, (b) Rc = 1.0 mm,
and (c) Rc = 0.75 mm at time t = 1.5 s. The simulations are performed in the absence of a
conductive element.
Figure 3.12: Contour plot of the normalized temperature (θ) obtained at the same time for
a channel of radius Rc = 1 mm with (a) no conductive element, (b) a steel wire, and (c) a
copper wire. The acceleration of the front and the change in its shape due to the presence
of the conductive element are clearly visible.
3.3 CONCLUSIONS
Using a combination of experiments and simulations, this chapter has demonstrated that
continuous conductive elements can increase the frontal velocity in FP systems. This increase
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is caused by monomer preheating due to thermal transport through the conductive element.
FP was also achieved in some of the smallest channel volumes yet demonstrated, and the
study has established the effect of channel diameter on the degree of increased frontal velocity
caused by conductive elements. Computational modeling of the system has shown that the
effect is due primarily to thermal transport, although a small contribution associated with
fluid convection cannot be ruled out. The results of the present study suggest that conductive
reinforcements, such as carbon fibers, may facilitate FP in fiber-reinforced composites.
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CHAPTER 4: FP-BASED COMPOSITES MANUFACTURING
The results presented in this chapter have been published in the following paper: Goli, E.,
Parikh, N.A., Yourdkhani, M., Hibbard, N.G., Moore, J.S., Sottos, N.R. and Geubelle, P.H.,
2020. Frontal polymerization of unidirectional carbon-fiber-reinforced composites. Compos-
ites Part A: Applied Science and Manufacturing, 130, p.105689.
(https://doi.org/10.1016/j.compositesa.2019.105689)
In this chapter, we formulate a homogenized thermo-chemical model to simulate the man-
ufacturing of unidirectional composites made of carbon fibers embedded in a thermosetting
dicyclopentadiene (DCPD) matrix using frontal polymerization (FP). The reaction-diffusion
model is then solved using the finite element method to investigate the evolution of the tem-
perature and degree of cure during the fabrication process. The results reveal two different
processing regimes: at lower fiber volume fractions, the polymerization front speed increases
with the fiber volume fraction due to the increase in the effective thermal conductivity of
the composite. At higher fiber volume fractions, the front velocity decreases with increasing
fiber content due to the reduced heat source generated by the exothermic reaction. The 1-D
simulations are complemented with 2-D studies that include heat losses to the surround-
ings. The model predictions are validated with experiments conducted on carbon/DCPD
composite panels manufactured through frontal polymerization.
4.1 FRONTAL POLYMERIZATION OF NEAT DCPD RESIN
4.1.1 Problem Description
In the absence of fiber reinforcements, the initiation and 1-D propagation of a polymer-
ization front in a solution of DCPD and 2nd-generation Grubb’s catalyst is mathematically
described by the following coupled system of partial differential equations (PDEs) for the













= A exp(− E
RT
)(1− α)nαm 1
1 + exp [C(α− αc)]
.
(4.1)
As apparent in 4.1, the classical Prout-Tompkins autocatalytic (PT) model, (1− α)nαm,
with n and m denoting the orders of the reaction, is augmented by a diffusion factor, (1 +
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Table 4.1: Material and cure kinetics properties of the DCPD monomer.
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1.72 0.77 14.48 0.41 350
exp [C(α− αc)])−1, with the two constant parameters C and αc introduced to capture the
diffusion at higher temperatures [83]. The six cure kinetics parameters, A,E, n,m,C, and
αc, are obtained by nonlinear fitting of the evolution of the rate of cure extracted from DSC
experiments.
In the example presented in the following section, the reaction-diffusion relations are
solved over a domain of length L and are completed with the following boundary and initial
conditions: 
T (x, 0) = T0,
α(x, 0) = α0,
T (0, t) = Ttrig for 0 ≤ t ≤ ttrig,
∂T
∂x





where ttrig denotes the time during which a ‘triggering temperature’ Ttrig is applied on the
left side of the domain to initiate the frontal polymerization.
4.1.2 Numerical Solution
Figure 4.1 presents typical temperature and degree-of-cure profiles for the FP of DCPD
monomer (α0 = 0.01) at room temperature (T0 = 20
◦C) over a domain of length L = 20mm
chosen long enough to capture the steady-state propagation of the front. The thermal and
kinetics properties are presented in Table 4.1. To initiate the polymerization process, a
triggering temperature Ttrig = 220
◦C is applied for 1 s on the left edge of the domain. The
initial number of two-noded elements and the initial value of time step are set at 400 and
0.02s, respectively, before the mesh/time adaptivity modules are activated, and a maximum
refinement level of 6 is used to refine the mesh in the vicinity of the advancing front. A
typical value of the front velocity is 1.5mm/s.
In Figure 4.1, the temperature is normalized as
θ =
T − T0
T 0max − T0
, (4.3)
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where T 0max corresponds to the maximum temperature for an adiabatic system and is equal
to
T 0max = T0 +
Hr(1− α0)
Cp
= 236.6 ◦C (4.4)
for the system of interest.
Figure 4.1: Normalized temperature and degree of cure profiles at t = 3.9, 7.2, and 10.5 s,
for the FP of DCPD based on the material and cure kinetics properties described in Table
4.1.
4.2 EFFECT OF CARBON FIBER TOW ON POLYMERIZATION FRONT
The presence of more thermally conductive carbon fibers is expected to influence the
propagation of the polymerization front. As described in the previous chapter, we found
that the presence of continuous conductive elements made of copper and steel affects the
shape and speed of the front. Building on these results, we present in this section the results
of experimental and numerical studies that illustrates in a qualitative way the effect of a
carbon fiber tow inserted in a channel of DCPD monomer solution on the FP reaction, as
a preliminary step of extending the application of FP to the manufacturing of carbon-fiber
reinforced composites [1].
For the experiments, we placed a 1 mm-diameter carbon-fiber tow with 3,000 individual
fibers at the center of a 11 mm-diameter, 1 mm-thick glass test tube filled by DCPD. We
initiated the polymerization front using a soldering iron, while ensuring the external heat
41
Figure 4.2: Effect of carbon-fiber tow on FP (a) optical images of FP in a test tube filled by
DCPD monomer solution without and with a carbon-fiber tow. Axisymmetric simulations:
Problem configuration (b) and temperature contours (c) for the case without (top) and with
(bottom) the fiber tow. The scale bars in (a) represent 4 mm [1].
source did not get in contact with the fiber tow in order to avoid direct diffusion of heat
through the fiber tow. The optical results (Figure 4.2-a) showed that the fiber tow increases
the front speed by 10% and changes its shape from flat to conical. To support these ob-
servations, we carried out simulations using the axisymmetric version of the aforementioned
thermo-chemical finite element solver. We used an axisymmetric model with the same di-
mensions as in the experiments. The length of the model (L = 7.5 mm) was chosen to
ensure the capture of the steady-state behavior of the front away from the boundaries. The
unstructured finite element mesh consisted of 151,470 four-node quadrilateral elements to
discretize the domain at the beginning of the simulation, and applied a maximum refinement
level of 9 to adapt the mesh in the vicinity of the advancing front. In the presence of the
carbon fiber tow, the maximum level of refinement of the original mesh was increased to 12.
The numerical results shed insight on how the presence of a carbon fiber tow in the DCPD
channel affects the front speed and shape by heating up an area ahead of the front, thereby
driving the front forward.
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4.3 FRONTAL POLYMERIZATION IN UNIDIRECTIONAL COMPOSITES:
HOMOGENIZED MODEL
To simulate the evolution of the temperature and degree of cure fields in uni-directional











, (sum over i and j)
∂α
∂t
= A exp(− E
RT
)(1− α)nαm 1
1 + exp [C(α− αc)]
,
(4.5)
where φ is the volume fraction of fibers. Overbars denote the homogenized properties of the
composite described by the extended Rayleigh model [84, 85] as

κ11 = κm(1− φ) + κfφ,




− φ+ κf − κm
κf + κm
(0.30584φ4 + 0.013363φ8 + ...)
,
ρ = ρm(1− φ) + ρfφ,
Cp = (Cp)m(1− φ) + (Cp)fφ,
(4.6)
where subscripts m and f refer to the matrix and fiber phases, respectively, and where the
‘1’ direction is parallel to the fibers.
4.3.1 1-D Results
To illustrate the model in a 1-D setting, i.e., in the absence of heat conduction perpendic-
ular to the fibers direction, we compare the propagation of the polymerization front in neat
DCPD solution (φ = 0) to composite cases with φ = 0.2 and 0.4. The thermal conductivity,










respectively. The domain length is L = 50 mm, while the initial temperature and degree of
cure are set at T0 = 20
◦C and α0 = 0.01, respectively. Figure 4.3.a depicts the temperature
and cure profiles, while Figure 4.3.b presents the trajectory of the front. The nondimensional
temperature θ in Figure 4.3.a is defined in (4.3), with T 0max defined in (4.4) denoting the
maximum temperature in the neat resin (φ = 0).
In the absence of thermal diffusion (referred to hereafter as the 0-D model), the maximum
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(a) (b)
Figure 4.3: (a) Degree of cure and normalized temperature profiles. (b) Front location versus
time for three values of carbon fiber volume fraction: φ = 0 (neat resin), 0.2, and 0.4, all at
t = 15 s. As φ increases, the polymerization front becomes less sharp and generates a lower
temperature.
temperature of the polymerization front is given by




Figure 4.4 presents a comparison between numerical and analytical predictions of the max-
imum temperature as a function of the fiber volume fraction. As shown there, the increasing
contribution of thermal diffusion at higher values of the fiber volume fraction leads to an
increasing divergence between the numerical values and the analytical predictions given by
(4.7). Figure 4.5 illustrates how the decreasing monomer composition in a composite system
with a high fiber volume fraction (φ= 0.55) leads to the quenching of the polymerization
front, as the amount of diffused heat surpasses the heat generated by the exothermic reaction,
resulting in a drop in the temperature gradient.
4.3.2 2-D Results
The adiabatic 1-D model does not account for the heat losses to the surroundings and
their effects on the front propagation. Hence, the 1-D velocity and temperature results
are expected to serve as upper bounds. To improve the accuracy of the simulated frontal
polymerization, we adopt a 2-D configuration that accounts for heat exchange between the
composite and its surrounding, which, as described in the following section, consists of a
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Figure 4.4: Comparison between the φ-dependence of the maximum temperature associated
with the polymerization front obtained numerically with the 1-D transient model described
by (7.1) and predicted analytically with the 0-D diffusion-free expression (4.7). The in-
creasing divergence between numerical and analytical results indicate the increasing role of
thermal diffusion as the fiber volume fraction increases.
Figure 4.5: Normalized temperature and degree of cure profiles for the quenching front (t1
= 0.04 s, t2 = 0.61 s, t3 = 1.86 s) for φ = 0.55.
polyisocyanurate foam with a thermal conductivity κ = 0.022
W
m.K









Figure 4.6 shows the configuration of the 2-D numerical problem and the temperature
contours obtained for the case with φ = 0.3. The modeling domain is set long enough
(L = 20 mm) to make sure that the polymerization front propagates beyond the transient
region close to the triggering area, where Ttrig = 180
◦C is applied for 1 s. The thickness
of the composite layer (3.2 mm) is selected to match the experimental setup described
in the next section, and the foam panels are chosen thick enough to make the solution
independent of the foam panel thickness. The initial temperature, T0, and degree of cure,
α0, are set at 20
◦C and 0.05, respectively. This initial degree of cure was chosen to reflect
the small reduction in Hr value extracted from DSC measurements, and accounts for the
room temperature curing of resin during the infusion phase of the manufacturing process.
The initial number of four-node quadrilateral elements and the initial value of time step used
in the 2-D simulations are 80, 000 and 0.01s, respectively, proior to activating the mesh and
time adaptivity modules.
Figure 4.6: Configuration and temperature contours for the 2-D model of the FP of a
unidirectional composite layer (with φ = 0.3) sandwiched between two polyisocyanurate
foam panels: (a) t = 2 s and (b) t = 7 s. Orientation of the reinforcement is parallel to the
reaction channel in the x-direction.
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4.4 MODEL VALIDATION
We developed a controlled method for FP-based fabrication of carbon/DCPD FRPCs
to validate the numerical simulations. An open mold processing technique, designed by
Dr. Mostafa Yourdkhani and Nil A. Parikh, was used to insulate the layup thermally and
produce FRPCs with a pre-determined thickness for tailoring the fiber volume fraction of
the composites. The mold (Figure 4.7) was constructed using two thermally insulating rigid
foam panels (448-D, Fibre Glast Development Corp.) sandwiched between two fiberglass
tool plates. The surface of the foam was isolated from the composite layup using a layer
of vacuum bagging film. A stack of 10 cm x 20 cm unidirectional carbon fibre fabric plies
(Toray T700 12K, 300 gm-2, Composite Envisions, F-869) surrounded by a 3.175 mm-thick
U-shaped polyurethane rubber spacer was placed between the two foam panels. The fiber
orientation of the carbon fibers fabric is in the direction of the propagation. The mold
assembly was held together using four trigger-action bar clamps and was then placed in
vertical position with the open end of the mold facing up.
The DCPD resin solution was prepared following the procedure described in Robertson
et al. [1]. Dicyclopentadiene (DCPD), 5-ethylidene-2-norbornene (ENB), second-generation
Grubbs catalyst (GC2), phenylcyclohexane (PCH), and tributyl phosphite inhibitors (TBP)
were purchased from Millipore-Sigma and used as received without further purification.
DCPD was melted in an oven at 35 ◦C followed by adding 5 wt.% ENB to depress the melting
point, resulting a 95/5 DCPD/ENB solution. This mixture was then degassed overnight at
100 kPa with agitation using a stir bar. For preparation of the frontal polymerization resin
system used for validation of the model, we weighed out 45 mg GC2 into a scintillation vial
and dissolved it with 2.25 ml of PCH. The GC2 and PCH solution was then placed into a
sonication bath for 15 minutes to fully dissolve the GC2 into the PCH. We then added 0.5
molar equivalent with respect to CG2 of TBP to the solution. The next step considered
as adding GC2/PCH/TBP solution to 70 g DCPD (10,000 molar equivalents with respect
to GC2) and thoroughly mixed to homogenize the FP resin system.” We used a volumetric
syringe to quickly transfer the resin into the mold cavity, owing to the low viscosity of the
resin system (ca. 1.5 cP). Once the fabric preform was infused with resin, the FP reaction
was triggered using a soldering iron.
The fiber volume fraction, φ, was observed by the relation φ = fAn/ρt, where fA is the
areal density of the fabric, n is the number of plies, ρ is the density of the fabric, and t
is the thickness of the final laminate. Since the thickness of the composite laminates was
constant (i.e. equal to the thickness of the spacer), the number of fabric plies allowed for
control of the fiber volume fraction from φ = 0 to φ = 0.5. The fiber volume fraction
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was then verified via optical imaging to confirm the results obtained from the equation.
The maximum temperature and velocity of FP reaction were determined by embedding four
equidistant thermocouples (4 cm apart) on the surface of the foam panels.
Figure 4.8 presents the comparison of experimental measurements of the front velocity, vf ,
and maximum front temperature, Tmax, with the numerical predictions provided by the 1-D
and 2-D models. The small difference between the 1-D and 2-D simulations indicate that
the heat loss term in the 2-D simulations has a very small effect on the front characteristics.
Thus, the insulation foam effectively minimizes the heat loss from the laminate to the sur-
roundings. As apparent in Figure 4.8, the numerical results capture the observed trends in
the dependence of both vf and Tmax on φ, but tend to overpredict the maximum temperature
values. At fiber volume fractions less than φ = 0.15, increasing the fiber volume fraction
leads to an increase in vf , as a result of the carbon fibers conducting heat to accelerate the
front reaction. Further increase in volume fraction results in a decrease in vf due to the heat
diffusion term approaching the exothermic heat generation term, which results in a slowing
of the front reaction. The experimental values of maximum temperature correspond to the
temperature measured at the surface of the composite layer.
Figure 4.7: Detailed structure of the mold: (a) full mold without clamps; (b) dimensions and
position of the composite layer. (Courtesy of Dr. Mostafa Yourdkhani and Nil A. Parikh)
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(a) (b)
Figure 4.8: Model validation: comparison of the dependence of the front velocity (a) and
maximum temperature (b) on the fiber volume fraction φ obtained experimentally (square
symbols) and numerically using the 1-D (circles) and 2-D (triangles) models.
4.5 SENSITIVITY ANALYSIS ON CURE KINETICS PARAMETERS
The reaction-diffusion model described by (7.1) provides a link between the cure kinetic
parameters and the characteristics of the polymerization front. It can therefore be utilized
to tailor the polymer chemistry for a specific application of FP. For example, when higher
volume fractions of carbon fibers are needed, a parametric study of the effect of activation
energy, E, on the φ-dependence of the front velocity reveals that a 2% reduction in the
activation energy increases the applicability of FP to manufacture composites with fiber
volume fractions up to 60% (Figure 4.9) while increasing the front speed by ∼1 mm/s.
Conversely, this figure also shows that a 2% increase in the activation energy slows down
the FP and reduces the quenching limit of the front to ∼ φ = 0.45.
Figure 4.9.b presents the results of a similar sensitivity study on the impact of the pre-
exponential time constant, A, on the dependence of vf on φ. While the sensitivity of vf on
A is less pronounced than that on E, increasing A by 10% also increases the applicability of
FP to the manufacturing of composite materials with higher fiber volume fractions.
4.6 CONCLUSIONS
A homogenized thermo-chemical model has been proposed and implemented in a multi-
physics nonlinear finite element solver to investigate the FP-based manufacturing of unidi-
rectional carbon/DCPD composites. 1-D numerical simulations of the initiation and propa-
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(a) (b)
Figure 4.9: Effects of (a) activation energy E and (b) pre-exponential factor A on the
dependence of the front velocity Vf on the fiber volume fraction φ (α0 = 0.01).
gation of the polymerization front obtained for a range of fiber volume fractions have yielded
two distinct regimes. In the first one, which corresponds to low values of fibers volume frac-
tion, the front velocity increases with the fiber content due to the increased effective thermal
conductivity of the composite. In the second regime, the front velocity progressively de-
creases with increasing fiber volume fraction as a result of the deficiency of monomer, and
thereby of heat of reaction. The analysis also included 2-D simulations performed to capture
the heat exchange between the polymerizing composite layup and the surroundings. The
numerical results were validated through comparison with experimental measurements of
the dependence of the front speed and maximum temperature on the fiber volume fraction.
Finally, we performed a parametric study of the effects of activation energy and the time
constant on the polymerization front speed, showing a potentially strong impact of the cure
kinetics parameters.
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CHAPTER 5: INSTABILITIES IN FRONTAL POLYMERIZATION
The results presented in this chapter have been presented in the following manuscript:
Goli, E., Peterson, S.R., and Geubelle, P.H., 2020. Instabilities driven by frontal polymer-
ization in thermosetting polymers and composites. Submitted.
In most cases, the polymerization front propagates in a steady fashion. However, under
some conditions, the front experiences instabilities, which do affect the quality of the man-
ufactured composite part. In this chapter, we use a coupled thermo-chemical model and an
adaptive nonlinear finite element solver to simulate FP-driven instabilities in dicyclopenta-
diene (DCPD) and in carbon-fiber DCPD-matrix composites. With the aid of 1-D transient
simulations, we investigate how the initial temperature and the carbon fiber volume fraction
affect the amplitude and wavelength of the thermal instabilities. We also extract the range
of processing conditions for which the instabilities are predicted to appear. The last part of
this chapter investigates the effect of convective heat loss on the FP-driven instabilities in
both neat resin and composite cases.
5.1 FP-DRIVEN INSTABILITIES IN NEAT DCPD RESIN: ADIABATIC ANALYSIS
5.1.1 Numerical Results
To recreate instabilities numerically, a 1-D reaction channel of length L = 5cm filled with a
DCPD monomer solution is modeled at different initial temperatures ranging from T0 = 0
◦C
to T0 = 30
◦C using a uniform mesh consisting of 1250 nodes before mesh adaptivity module
is activated. The initial degree of cure, α0, is set at 0.01 and we initiate the front with
ttrig = 1s and Ttrig = 200
oC. Figure 5.1 depicts the thermal solution corresponding to three
values of the initial temperature at t = 5, 10, 15, and 20s.
At lower initial temperatures, the front experiences a repeatable sharp thermal spike prior
to achieving its final temperature as it propagates through the reaction channel. However, as
the initial temperature increases, the amplitude of these thermal spikes progressively reduces
until a smoothly propagating front is obtained as illustrated for the case T0 = 30
◦C, as shown
in Figure 5.1. The figure also illustrates how the front speed increases with increasing values
of T0.
For the system of interest, the thermal instabilities are found to arise for T0 ≤ 14◦C. Ex-
tracted from bifurcation analysis, the non-dimensional Zeldovich number has been frequently
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Figure 5.1: Temperature profile at different initial temperatures at t = 5, 10, 15, and 20s.
Higher initial temperatures improve the stability of the fronts.
Figure 5.2: Spatial variation of the thermal spike obtained for T0 = 0
◦C and T0 = 14
◦C,
showing a sharp dependence of the amplitude and wavelength of thermal spikes on the initial
temperature of the monomer.
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(a) (b)
Figure 5.3: (a) Dependence of the wavelength and amplitude of thermal instabilities on the
initial temperature T0. (b) Front velocity in neat DCPD resin as a function of T0 showing
that the front velocity is not affected by the thermal instabilities taking place for T0 ≤ 14◦C.








Given an adiabatic system where the maximum temperature can be analytically obtained
by Tmax = T0 +Hr(1−α0)/Cp, the value of the Zeldovich number corresponding to the onset
of instabilities is found to be 11.37. In other words, for Z ≤ 11.37, the thermo-chemical
instabilities are not expected to appear in DCPD resin frontally polymerized in a perfectly
insulated 1-D reactor.
To characterize the thermal instabilities illustrated in Figure 5.1, the values of the max-
imum temperature (TP ) associated with the thermal spike at the passage of the front are
presented in Figure 5.2, showing the repeatability of the instability process and the strong
dependence of the amplitude and wavelength of the thermal spikes on the initial temperature
of the monomer.
Figure 5.3(a) depicts the dependence of the wavelength (λ) and amplitude (∆T ) of the
computed pulsating instability on the initial temperature (T0) of the DCPD monomer. As
apparent in that figure, both ∆T and λ progressively decrease as the initial temperature
increases, indicating increasingly more stable fronts, especially for T0 > 12
◦C at which a
sharp drop of both ∆T and λ is observed.
It should be noted, however, that the thermal instabilities do not appear to affect the
average front velocity. As shown in Figure 5.3(b), the front velocity consistently increases
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with T0 and appears to be unaffected by the presence of the thermal instabilities occuring
for T0 ≤ 14◦C.
5.2 FP-DRIVEN INSTABILITIES IN CARBON/DCPD COMPOSITE: ADIABATIC
ANALYSIS
5.2.1 Homogenized Thermo-Chemical Model
Instabilities also arise in the composite system and produce undesirable surface patterns.
In the previous chapter, it was proposed and validated that the following set of PDEs capture

















1 + exp [C(α− αc)]
,
(5.2)
where φ denotes the volume fraction of the fibers. The overbars indicate the effective (ho-
mogenized) properties of the composite, which, for the case of the unidirectional fibers in an
1-D setting, can be described by the rule of mixtures:
κ̄ = κm(1− φ) + κfφ,
ρ̄ = ρm(1− φ) + ρfφ,
C̄p = Cpm(1− φ) + Cpfφ.
(5.3)
The subscripts m and f refer to the matrix and fiber properties, respectively, and the
material properties of the carbon fibers are κf = 9.3 W/m.K, ρf = 1800 kg/m
3, and
Cpf = 754.6 J/kg.K.
5.2.2 Numerical Results
To simulate front instabilities in DCPD/carbon fiber composites, a 1-D reaction channel
of 5 cm with 1250 nodes filled with the DCPD resin system and unidirectional carbon
fibers is modeled with fiber volume fractions ranging from φ = 0% to φ = 50%, and with
0 ≤ T0 ≤ 30◦C. The boundary conditions, including the thermal triggering of the FP, are
the same as those used in the previous section. Figure 5.4 depicts the solution to the system
of PDEs for varying values of φ and T0.
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Figure 5.4: Temperature profile at different values of φ and T0, showing that composites
with lower fiber volume fractions are more prone to instabilities.
As with the neat resin system, the amplitude (∆T ) and wavelength (λ) of the instabilities
are extracted from the temperature profiles computed for the carbon/DCPD composite
(Figure 5.5). As shown in Figure 5.5, ∆T decreases with the fiber volume fraction, while
the wavelength λ increases with the fiber volume fraction due to the presence of conductive
carbon fibers in the composite system. The increase in λ coupled with the decrease in ∆T
leads to a more stable system.
5.2.3 Instability Design Space
To summarize the parametric neat resin and composite studies in adiabatic condition, we
present in Figure 5.6 a ‘manufacturing design diagram’ by classifying the predicted propa-
gation response of the polymerization front in the (φ, T0) space as quenched, unstable, or
stable. ‘Quenched’ refers to a polymerization front that fails to propagate through the entire
reaction channel, ‘unstable’ refers to combinations of φ and T0 for which instabilities arise,
and ‘stable’ refers to a smoothly propagating front.
The upper-left red region denotes quenched fronts associated with the amount of heat
input described in Section 5.2.2. In these cases, the diffusion mechanism dominates and
the temperature profile created by the thermal triggering drops immediately after removing
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Figure 5.5: Amplitude, ∆T , and wavelength, λ, of instabilities as functions of the fiber
volume fraction, φ, for three values of the initial temperature, T0.
Ttrig and the front stops. The lower-left blue region represents conditions in which pulsating
instabilities arise, i.e., for which the front propagates in an unstable manner due to the
interplay in the characteristic times associated with diffusion and reaction mechanisms. The
right-most green section denotes combinations of φ and T0 that yield a smoothly propagating
front.
5.3 FP-DRIVEN INSTABILITIES IN NEAT RESIN AND CARBON/DCPD
COMPOSITES: EFFECT OF CONVECTIVE HEAT LOSS
The thermal equilibrium taking place between the heat generated by the exothermic curing
of the resin and the thermal diffusion occurring ahead of the propagating front is essential
to ensure the stability of the front. In the previous sections, we illustrated how lowering
the ambient temperature adversely affects this equilibrium. In this section, we investigate
the impact of a convective heat loss on this thermal equilibrium and the resulting thermal
instabilities. To that effect, we modify Equation (5.2) to capture the effect of heat sink by
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Figure 5.6: Manufacturing design diagram, showing how the combined effect of initial tem-
perature and fiber volume fraction leads to stable, unstable, or quenching polymerization
fronts.
adding the convective heat loss term
hP
S



















1 + exp [C(α− αc)]
,
(5.4)
where h (in W/m2.K) is the film coefficient, while P (in m) and S (in m2) denote the the
perimeter and the area of the channel’s cross-section, respectively.
5.3.1 Numerical Results for Neat Resin
The parametric study presented hereafter is similar to that described in Section 5.1, with
the same initial and boundary conditions except that the triggering time, ttrig is increased
to 2s to ensure that enough energy is delivered to initiate the front in the presence of the
heat sink. A rectangular cross section with the dimensions of 1 cm × 1 mm is adopted for
the reaction channel and the film coefficient is set to 50 W/m2.K, resulting in hP/S = 110
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kW/m3.K.
As shown in Figure 5.7, which presents the evolution of the normalized temperature θ
and the degree of cure α along the channel for different initial temperature of the resin,
the addition of the convective heat loss has a significant impact on the computed thermal





where Tmax = T0 +Hr(1− α0)/Cp. As apparent in Figure 5.7, the FP-driven thermal insta-
bilities become more chaotic, with spatially varying amplitude and wavelength. Instabilities
are observed for higher values of the resin’s initial temperature than for the adiabatic case
discussed in Section 5.2. As expected, the temperature drop behind the front due to the
convective heat loss lowers the maximum temperature of the front. Note however the sub-
stantial variations in the maximum temperature TP obtained at every point, especially for
the case T0 = 5C
o (Fig. 7(b)), for which TP ranges from 175
oC to 248oC. As the initial
temperature increases, the maximum temperature achieved at each location follows a more
chaotic distribution albeit with a reduced amplitude.
Figure 5.8 presents the spatial variation of the peak temperature TP obtained for different
channel cross-sections and/or film coefficients, i.e., for hP/S =100, 150, and 200 kW/m3.K.
As apparent there, higher convective losses lead to stronger and more complex instabilities
and to lower values of the peak temperature.
5.3.2 Numerical Results for Composites
For the fiber volume fraction φ = 0.15, we solve the set of PDEs described by (5.4) to
study the effects of convective heat loss on thermal instabilities associated with the FP-based
manufacturing of carbon/DCPD composites. Figure 5.9 presents snapshots of the temper-
ature (blue curves) and degree-of-cure (red curves) distributions and spatial distribution of
the maximum temperature (black curves) for hP/S = 110 kW/m3.K and for T0 = 15
oC
(Fig. 5.9(a)) and T0 = 30
oC (Fig. 5.9(b)). As apparent there, the increased thermal con-
ductivity associated with the embedded carbon fibers leads to a less sharp thermal front and
to reduced, less chaotic instabilities. At a higher temperature (T0 = 30
oC), all instabilities





Figure 5.7: Normalized temperature θ and degree of cure α profiles for the neat resin cases
with (a) T0 = 5
oC, (c) T0 = 10
oC, and (e) T0 = 20
oC. showing a more complex instability
pattern over a wider range of the resin’s initial temperature than in the adiabatic case.
Corresponding maximum temperature experienced by each point along the reaction channel
during the polymerization for the neat resin cases with (b) T0 = 5
oC, (d) T0 = 10
oC, and (f)
T0 = 20
oC. In contrast to the harmonic instabilities presented for the adiabatic conditions
(Fig. 2), spatially varying instabilities with chaotic patterns are captured.
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Figure 5.8: Maximum temperature profiles for
hP
S





oC. Decreasing the convective heat loss raises the peak temperatures and mitigates
the intensity of the thermal instabilities.
5.4 CONCLUSIONS
Through a numerical analysis based on a thermo-chemical reaction-diffusion model, we
have investigated the role of heat diffusion on the appearence of instabilities during the
frontal polymerization of an adiabatic channel of neat DCPD resin and of unidirectional
carbon/DCPD composites. The numerical study conducted in the neat resin case has shown
how these FP-driven instabilities decay and the wavelength and amplitude of the thermal
spike present in the front decrease as the initial temperature of the monomer increases,
leading to an increasingly stable front propagation. While these thermal instabilities may
influence the quality of the manufactured polymeric component, they do not affect the
velocity of the polymerization front.
In the case of carbon/DCPD composites, numerical results obtained with a homogenized
thermo-chemical model have shown that instabilities may exist for lower values of the fiber
volume fraction and initial temperature. A stable propagation of the polymerization front
is achieved for a composite system at an initial temperature lower than that obtained in the
neat resin case due to higher effective conductivity of the composite associated with presence
of the embedded carbon fibers. The wavelength of the thermal instabilities increases with
the fiber volume fraction, while the amplitude correspondingly decreases.
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(a) (b)
Figure 5.9: Normalized temperature θ, degree of cure α, and maximum temperature distri-
butions for carbon/DCPD composite with φ = 0.15 obtained for (a) T0 = 15
oC and (b) T0 =
30oC. The increased effective thermal conductivity of the composite reduces the sharpness
of the front and the amplitude of the thermal instabilities.
In the last part of this chapter, we investigated the effect of convective heat losses on the
front stability in neat resins and composites by adding a convective heat loss term to the
thermo-chemical model. The presence of the convective heat loss led to two observations.
Firstly, it extended the range of the initial temperature of the resin for which instabilities
were obtained. Secondly, in contrast to the harmonic instabilities present in the adiabatic
case, introducing a convective heat loss yielded substantially more complex, spatially varying
instabilities, sometimes with chaotic patterns.
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CHAPTER 6: EFFECT OF BOUNDARY CONDITIONS ON
POLYMERIZATION FRONTS
The results presented in this chapter have been presented in the following manuscript:
Goli, E., Gai, T., and Geubelle, P.H., 2020. Impact of boundary heat losses on frontal poly-
merization. Submitted.
As discussed in the previous chapters, FP is built on a thermal equilibrium between the
heat generated by the exothermic reaction of the resin system and the heat consumed by
the advancing front. However, a heat loss to the surrounding may disrupt this thermal
equilibrium, slow down and possibly quench the front. This chapter investigates the impact
of two types of heat loss to the surrounding on the key characteristics (propagation speed
and maximum temperature) of the polymerization front: convective heat loss along of the
boundary of the reaction channel, and contact heat loss at channel-tool plate interfaces.
Figure 6.1: Problem configuration, dimensions, and boundary conditions for the study of
the effect of convection boundary condition on the polymerization front.
6.1 CONVECTIVE HEAT LOSS ALONG THE BOUNDARY
To analyze the effect of convective heat loss along the boundary, we solve the problem
illustrated in Figure 6.1, which involves a 2-D reaction channel of width c filled with a
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solution of dicyclopentadiene (DCPD) and 2nd-generation Grubbs catalyst. As discussed
before, the initiation and propagation of the polymerization front can be described at the
continuum level by the following system of partial differential equations (PDEs):
Figure 6.2: Temperature contours computed at t = 8 s for the case of a narrow DCPD
channel with c = 1 mm, showing from left to right a stable and flat-shape front (h = 0 W
m2K
),
a curved-shape front (h = 60 W
m2K
), a ‘detached’ front (h = 160 W
m2K
), and a quenched front





















= A exp(− E
RT
)g(α),
g(α) = (1− α)nαm 1
1 + exp [C(α− αc)]
.
(6.1)
The front is initiated from the bottom of the rectangular channel and propagates upward.
A small (a = 2 mm) adiabatic region (i.e., with insulated lateral boundaries) is introduced
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to achieve a quasi-steady state of front propagation independent of the front initiation.
Convective boundary conditions are applied along the remainder of the reaction channel
(with b = 8 mm), while insulated conditions are applied along the top edge of the domain.
The boundary and initial conditions complementing the PDEs (6.1) take the following form:

T (x, y, 0) = T0, for − c2 ≤ x ≤
c
2
, 0 ≤ y ≤ a+ b,
α(x, y, 0) = α0, for − c2 ≤ x ≤
c
2
, 0 ≤ y ≤ a+ b,
T (x, 0, t) = Ttrig, for − c2 ≤ x ≤
c
2
, 0 ≤ t ≤ ttrig,
∂T
∂y
(x, 0, t) = 0, for − c
2
≤ x ≤ c
2





, y, t) = 0, for 0 ≤ y ≤ a, t > 0,
∂T
∂y
(x, a+ b, t) = 0, for − c
2
≤ x ≤ c
2










, y, t)− T0
)
for a < y ≤ a+ b, t > 0.
(6.2)
where Ttrig is applied to the bottom edge of the domain for a short period of time, ttrig, to
initiate the front. T0 and α0 denote the initial temperature and the initial degree of cure,
and are set to 20 oC and 0.05, respectively, for all the simulations reported in this chapter.
The film coefficient h (in W
m2.K
) introduced to capture the heat convection loss typically takes
values between between 10 to 100 W
m2.K
for systems exposed to low-velocity air flow [88]. For




The analysis of this problem starts by non-dimensionalizing the time t, the spatial coor-
dinate x, and the temperature T by














is the intrinsic length scale for this problem, and Tmax = T0+
Hr(1− α0)
Cp
























Figure 6.3: For the cases with c = 1 mm and h = 0, 60, and 160 W
m2K
: (a) Temperature
curves extracted along the line of symmetry (x = 0, 0 ≤ y ≤ 0.01 m) at t = 4 and 8 s; (b)
Front trajectories, showing the slowdown of the front after it enters the convection BC zone.
Figure 6.4: Degree of cure profiles at t = 4 s and t = 8 s along the center and edge of the












are dimensionless parameters that capture the effect of the activation energy E and initial
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(a) (b)
Figure 6.5: Effect of the convection coefficient, h, and the channel width, c, on (a) the front
velocity, Vf , and (b) the maximum temperature, Tmax. Reducing the film coefficient value




temperature T0, respectively. The BCs in (6.2) can be rewritten as

θ(x̃, ỹ, 0) = 0, for − c
2L
≤ x̃ ≤ c
2L
, 0 ≤ ỹ ≤ a+b
L
,
α(x̃, ỹ, 0) = α0, for − c2L ≤ x̃ ≤
c
2L
, 0 ≤ ỹ ≤ a+b
L
,
θ(x̃, 0, τ) = θtrig, for − c2L ≤ x̃ ≤
c
2L
, 0 ≤ τ ≤ τtrig,
∂θ
∂ỹ
(x̃, 0, τ) = 0, for − c
2L
≤ x̃ ≤ c
2L





, ỹ, τ) = 0, for 0 ≤ ỹ ≤ a
L






, τ) = 0, for − c
2L
≤ x̃ ≤ c
2L













≤ ỹ ≤ a+b
L
, τ > 0,
(6.6)





In this chapter we carry out a parametric study consisting of 121 2-D simulations with
different values for the channel width (c = 1, 1.5, 2, 3, 4, 5, 6, 7, 8, 9, and 10 mm) and the
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and the non-dimensional convection parameter δ defined in (7).
film coefficient (h = 0, 20, 40, 60, ..., 200 W
m2K
). For all the simulations reported in this work,
ttrig, Ttrig, and ∆t are set to 1 s, 190
◦C, and 0.01 s, respectively. The element size for
the initially uniform mesh of quadrilateral elements, before the mesh adaptivity module is
activated, and the maximum level of mesh adaptivity are 1e − 5 m and 3, respectively.
Taking advantage of symmetry, we solve the problem on half of the domain (0 ≤ x ≤ c/2).
Typical simulations presented hereafter take approximately 8 hours to run in parallel on a
56-core Dell mini-server with CentOS 7.7 distribution of Linux OS.
Figure 6.3 complements Figure 6.2 by providing more details for the cases with h = 0, 60,
and 160 ( W
m2K
). Figure 6.3(a) shows the temperature profiles along the line of symmetry at
t = 4 and 8 s, and illustrates how the heat loss behind the front lowers the temperature
gradient and hinders the polymerization. The evolution of the front location is presented
in Figure 6.3(b) with the slope of the lines denoting the front velocity. The location of the
front at each time step is extracted as the the y-coordinate of the node with α = 0.5 along
the symmetry line (x = 0). The straight trajectory curves indicate a steady-state regime
for the front. In the remainder of this section, the front speed will be computed over the
spatial window 5 mm ≤ y ≤ 7 mm.
The convection heat loss to the surrounding also affects the maximum degree of cure in
the channel, especially in the vicinity of the channel boundary. This fact is illustrated in
Figure 6.4, which presents snapshots of the spatial variation of the degree of cure computed
along the center line and edge of the channels at times t = 4 s and t = 8 s for the case
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c = 1 mm and h = 160 W
m2K
.
The front velocity and maximum temperature values obtained from this parametric study
are presented in Figure 6.5. As apparent there, lowering the resin volume and increasing
the convection coefficient reinforce the diffusion component of the reaction-diffusion sys-
tem, thereby decreasing the maximum temperature gradient, front velocity, and ultimately
quenching the front as observed in the cases with c = 1 mm and h = 180 and 200 W
m2K
. As
expected, the effects are more intense for the narrower channels.
For a given solution of monomer and catalyst, the problem can be described by two key
non-dimensional parameters: the non-dimensional channel width c
L
and non-dimensional
convection parameter δ. To summarize the results of the parametric study, we present in
Figure 6.6 a ‘master curve’ that captures the effects of the two parameters combined in the
form of a power law.
6.2 CONTACT HEAT LOSS ALONG THE INTERFACE
We now turn our attention to the impact on the front characteristics of the heat loss taking
place along the contact interface between the resin channel and a tool plate (Figure 6.7). As
previously, a small insulated region (a = 2 mm and κ = 0 W
m.K
) is introduced to ensure that
the simulated front has reached a steady-state regime before entering the contact interface
with the plate. The plate length is set long enough (b = 18 mm) to achieve steady-state
propagation of the front in the region in contact with the tool plate. All exterior boundaries















denotes the thermal diffusivity, and subscripts m and p refer to the monomer
and the tool plate, respectively. As previously, taking advantage of symmetry, we solve the
problem on half of the domain (0 ≤ x ≤ c/2). The continuity of heat flux along the
















, ỹ, τ), (6.9)
where superscripts − and + denote the left and right sides of the interface, respectively.
Therefore, given a fixed chemical composition for the monomer solution and a fixed plate










, which are the focus of the parametric study presented
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hereafter.
Figure 6.7: Problem configuration, dimensions, and boundary conditions for the study of
the effect of contact boundary condition on the polymerization front.
In this study, we adopt the following ranges for the diffusivity and conductivity ratios: 0.1 ≤ λ̃ ≤ 10,
0.01 ≤ κ̃ ≤ 10.
(6.10)







these ranges include tool plates made of polydimethylsiloxane (PDMS) (λ̃=1.45, κ̃=1.38),
pDCPD (λ̃=1, κ̃=1), and silica aerogel (λ̃=1.23, κ̃=0.02).
The contour plots shown in Figure 6.8(a-c) present the values of front velocity extracted
from this parametric study for the cases with λ̃ = 0.1, 1, and 10. Each plot demonstrates how
different combinations of resin volume and conductivity ratio, κ̃, affect the velocity of the
front. The dark blue area on the upper-left of the figures denotes the combinations of channel
width and conductivity ratio that result in a quenching front, for which the combination of
heat diffusion inside the channel and heat loss to the plate surpasses the heat generated by
the exothermic reaction of resin solution. The highest values of front velocity are associated




Figure 6.8: Front velocity in (c, κ̃) space corresponding to (a) λ̃ = 0.1, (b) λ̃ = 1, and (c) λ̃
= 10. (d) Dependence of the front velocity on the conductivity ratios for three values of the
diffusivity ratios.
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(a) (b) (c) (d)
Figure 6.9: Temperature field computed at t = 12 s for a polymerization front in a 4 mm-
wide-channel of DCPD for (λ̃, κ̃) equal to (a) (0.1, 0.01), (b) (0.1, 10), (c) (10, 0.01), and
(d) (10, 10).
κ̃).
As shown in Figure 6.8(d), the impact of the diffusivity and conductivity of the plate
relative to those of the channel is somewhat complex. For the cases corresponding to lower
relative diffusivity (λ̃ = 0.1 and 1) an increase in relative conductivity κ̃ leads to a monotonic
decrease in the front velocity. For the case λ̃ = 10 (blue curve in Fig. 6.8(d)), however,
increasing κ̃ first leads to an increase in front velocity, until κ̃ > 1 at which point the
increased conductivity of the plate makes it a heat sink, thereby slowing down the front.
For a fixed channel width (c = 4 mm), Figure 6.9 presents snapshots of the thermal
profile of the polymerization front at t = 12 s for four extreme cases, demonstrating how
the diffusivity and conductivity ratios affect the front shape and speed. As apparent in Fig.
6.9(c, d), higher values of λp leads to heat losses to the plate as soon as the front leaves the
adiabatic region. Conversely, systems with lower plate diffusivity values (Fig. 6.9(a, b)) are
charectrized by very small losses to the surrounding, and thereby sharper polymerization
fronts.
In addition to the plate material, the volume of available resin in the channel plays a crucial
role in preserving the heat balance involved in the reaction-diffusion process. Figure 6.10
shows the temperature profiles and trajectories of the front along the line of symmetry for
the cases with c = 5 mm (dashed curves) and 3 mm (solid curves). For both values of the
channel width, the relative conductivity and diffusivity are chosen to be κ̃ = 1 and λ̃ = 0.1.
As the channel width decreases, the heat loss the the surrounding plays an increasing role in
reducing the energy available for the propagation of the front, thereby substantially reducing
the front speed, as apparent in Fig. 6.10(b).
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(a) (b)
Figure 6.10: (a) Temperature profiles at t = 8, 10, and 14s, and (b) front trajectories along
the line of symmetry for the cases with c = 5 (dashed curves) and 3 mm (solid curves), with
κ̃ = 1 and κ̃ = 0.1.
Figure 6.11: limiting case; Channel of DCPD monomer placed on top of a half space with
infinite diffusivity, reducing the channel/plate interface condition to the Dirichlet condition
T (cup/2, y, t) = T0.
To conclude this study, we investigate the limiting case of a very large plate of initial tem-
perature T0 with infinite diffusivity, for which the thermal boundary condition can be reduced
to the Dirichlet (fixed temperature) condition T (cup/2, y, t) = T0 along the plate/channel
interface, as illustrated in Fig. 6.11. Of particular interest in this final study is the existence
of a critical value of the channel width cup above which a polymerization front is able to
propagate in the channel although the edges of the channel are fixed at T0.
A parametric study of the channel width yields the critical value cup = 3.1 mm for the
same chemistry and initial conditions as in Section 2. Figure 6.12 shows snapshots of the
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Figure 6.12: Temperature (top) and degree of cure (bottom) contours at t = 25 s, showing
the insulating effect of the uncured monomer layer in the vicinity of the plate. (cup = 3.1
mm and T0= 20
oC)
temperature and degree-of-cure fields associated with the polymerization front at t = 25
s. Note that the channel is chosen long enough to make the results independent of the
transient phase associated with the triggering of the polymerization process. As apparent in
Fig. 6.12(top), the temperature rise generated by the propagating front is rapidly absorbed
by the contacting plate. However, as illustrated in Fig. 6.12(bottom), a layer of uncured
resin serves as an insulating ‘boundary layer’, thereby allowing most of the channel to be
cured. As expected, the critical value of the channel width varies with T0 with cup = 2.6 and
3.8 mm for T0 = 25
oC and 15 oC, respectively.
6.3 CONCLUSIONS
In this chapter, we have performed a finite element analysis of the impact of boundary
heat losses on the speed and shape of a polymerization front propagating in a channel of
DCPD. Two types of boundary conditions have been analyzed. The first analysis pertained
to convective heat losses along the channel boundary, with emphasis on capturing the effect
of the film coefficient and channel thickness on the speed and maximum temperature of the
front. A sharp transition was obtained between the adiabatic/large-channel solution and
the high-convective-loss/narrow-channel cases for which the front is quenched. The second
analysis involved the heat losses associated with a contacting plate, for which the solution
was expressed in terms of the diffusivity and thermal conductivity ratios between the resin
and the plate, and the channel width. The parametric study showed a sharp transition
between the quenched and adiabatic states. In the limiting case of a very large plate of
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infinite diffusivity, frontal polymerization is achievable in spite of the large heat losses to the
plate due to the insulation associated with a boundary layer of uncured resin created along
the plate boundary.
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CHAPTER 7: INTEGRATION OF FRONTAL POLYMERIZATION WITH
MACHINE LEARNING
The results presented in this chapter have been presented in the following manuscript:
Goli, E., Vyas, S., Koric, S., Sobh, N., and Geubelle, P.H., 2020. ChemNet: a deep neural
network for advanced composites manufacturing. Submitted.
The cure kinetics of the matrix phase of FRPCs, usually a thermosetting polymer, brings
difficulty to the design and control of the manufacturing process. In this chapter, we develop
a deep learning model, ChemNet, to predict and optimize the cure kinetics parameters of
the thermosetting FRPCs for a desired fabrication strategy. ChemNet consists of a fully
connected FeedForward 9-layer deep neural network trained on one million examples, and
predicts activation energy and reaction enthalpy given the front characteristics such as speed
and maximum temperature. ChemNet provides highly accurate predictions measured by
the mean square error (MSE) and by the maximum absolute error metrics. The MSE of
ChemNet, on the train set and test set attain the values of 1E-4 and 2E-4, respectively.
7.1 STEADY-STATE SOLUTION
As discussed in Chapter 4, the following 1-D homogenized model is used to simulate
the evolution of the temperature and degree-of-cure fields in uni-directional fiber-reinforced













= A exp(− E
RT
)g(α),
g(α) = (1− α)nαm 1
1 + exp [C(α− αc)]
,
(7.1)
where the overbars denote the homogenized properties of the composite described by the
Rayleigh model for the 1D case [84, 85] as
κ = κm(1− φ) + κfφ,
ρ = ρm(1− φ) + ρfφ,
Cp = (Cp)m(1− φ) + (Cp)fφ,
(7.2)
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where subscripts m and f refer to the matrix and fiber phases, respectively. The cure kinet-
ics parameters and the physical/thermal properties entering (7.1) for the Dicyclopentadiene
(DCPD) monomer studied in this chapter are presented in Table 4.1. The thermal conduc-









As discussed in previous chapters, numerical analysis the thermo-chemical model (7.1)
is computationally challenging as it requires solving a highly-nonlinear and fully-coupled
system of Partial Differential Equations (PDEs) in a transient regime. In addition, a robust
mesh adaptivity module is needed to capture the sharp gradients in temperature and degree
of cure in the immediate vicinity of the advancing front. We have addressed these challenges
in previous chapters by solving the model using a nonlinear multi-physics finite element
solver. This approach, however, is still computationally expensive on a high-end desktop,
even though solving transient PDEs with high-fidelity implicit numerical methods have been
achieved lately on the peta-scale high-performance computing system [89, 90].
As shown in multiple analytical [19, 91, 17], numerical [11, 58, 57, 92], and experimental
studies [1, 16], the polymerization front propagates at constant speed after a transient phase
associated with the initiation of the FP process. By taking advantage of this fact, we reduce
the PDEs to a system of Ordinary Differential Equations (ODEs) where the temperature
and the degree of cure at each material point are only functions of distance from the front
instead of functions of both time and space. To that effect, we start with normalizing the
PDEs by introducing the following non-dimensional parameters:










where Tmax denotes the maximum temperature behind the front and is given by Tmax = T0+
(1− φ)Hr
C̄p
where T0 is the ambient temperature. Re-writing (7.1) with the non-dimensional
















































Figure 7.1: Contours of normalized velocity of the polymerization front, Ṽ , for different
combinations of the parameters β and γ defined in (7.7) and (7.8). The dashed curve
denotes the path obtained by varying the fiber volume fraction φ. The dimensional values,
V , of the front velocity for for φ = 0 and 50% are also indicated.
β =
E Cp








are two normalized parameters that capture the effect of the activation energy and the initial
temperature of the resin. In the steady-state regime, we rewrite the solution as{
θ(x̃, τ) = θ̂(ŷ = x̃− Ṽ τ),
α(x̃, τ) = α̂(ŷ = x̃− Ṽ τ),
(7.9)
where ŷ denotes the distance from the front and Ṽ refers to the non-dimensional velocity





Re-writing (7.6) in terms of the coordinate ŷ attached to the front leads to the following





















We solve the nondimensional ODEs for values of Ṽ that satisfy the following boundary
conditions: 
θ̂ (ŷ = −∞) = θmax,
α̂ (ŷ = −∞) = 1− ε,
∂θ̂
∂ŷ
(ŷ = −∞) = 0,
θ̂ (ŷ = +∞) = 0,
α̂ (ŷ = +∞) = ε,
∂θ̂
∂ŷ
(ŷ = +∞) = 0,
(7.12)
where ε is a small non-zero value.
Using the steady-state solver, we collect all the combinations of β and γ for which a front
exists, i.e., for which a non-zero normalized velocity can be extracted. The steady-state
results for Ṽ expressed in terms of the two non-dimensional parameters β and γ defined in
(7.7) and (7.8) are presented in Figure 7.1, which serves as the ‘master plot’ from which
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Figure 7.2: Fiber volume fraction φ and cure kinetics parameters (Hr, E,A) with respective









) generated by normal distribution.
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Figure 7.3: Front velocity V , maximum temperature Tmax, and characteristics lengths asso-
ciated with the degree of cure and the temperature Lα and Lθ, obtained by solving (7.11)
with boundary conditions described by (7.12).
the front speed for any combination of A, E, Hr, and φ can be extracted. The steady-state
solution also provides two characteristics length Lθ and Lα that respectively denote the














As illustrated in Figure 7.1, changing the value of the fiber volume fraction corresponds to
traversing this ‘master plot’ along a path shown as a dashed curve.
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7.2 FORWARD PROBLEM
Here we use the steady-state solver to study the FP-based manufacturing of fiber-reinforced
composites without a need to solve the transient nonlinear thermo-chemical model. The goal
is to obtain front characteristics (V, Tmax, Lθ, Lα) when chemical composition and fiber vol-
ume fraction are given. The input layer consists of four inputs, three chemical components
(A,E,Hr) and a fiber volume fraction (φ). The input variables to the steady-state solver are
selected from a Gaussian distribution (with zero mean and unit variance) and then scaled
to a range of interest as shown in Figure 7.2. Gaussian distribution balances the importance
of mid-range values over the left and right end values of a given input variable. We first
generate one million values of each input normally distributed within the following ranges:
0.9 Am ≤ A ≤ 1.1 Am,
0.9 Em ≤ E ≤ 1.1 Em,
0.9 Hrm ≤ Hr ≤ 1.1 Hrm,
0 ≤ φ ≤ 0.5,
(7.14)
where Am, Em, and Hrm denote the time constant, the activation energy, and the total
enthalpy of reaction presented in Table 4.1.
We then randomly pick them to generate a 106 ∗4 input data matrix of Am, Em, Hrm, and
φ. The next step is to use the steady-state solver to obtain the corresponding output data
which is a 106 ∗ 4 matrix with four columns for the front velocity V , maximum temperature
Tmax, and two characteristics lengths, Lθ and Lα associated with the temperature and degree
of cure, as shown in Figure 7.3. The results for V , Lθ, and Lα reveal nonlinear relationship
between inputs and outputs. The next section explains how this output data serves as the
training data for ChemNet.
7.3 INVERSE PROBLEM
This section proposes a deep learning model, ChemNet, used to tailor the matrix phase of
FRPCs to ensure the desired fabrication time and provide an application-specific composite.
In this section, we adopt an inverse approach, using deep neural network model, to the
problem described in Section 7.2. It is almost impossible to predict the best match for a
desired set of front characteristics by merely relying on brute force algorithms due to the
large number of possible combinations of parameters (A,E,Hr and φ). This section describes
how we built ChemNet for the composites design with a data-driven optimization process.
Deep learning models that support experimental workflows are a relatively new phenom-
81
Figure 7.4: Architecture of ChemNet consisting of a fully connected FeedForward 9-layer
deep neural network trained on one million examples. Given the input data that are V , Tmax,
Lα, Lθ, and φ, ChemNet aims to predict E and Hr. Then, through a simple post-processing,
we can obtain the time constant A thereby extract the cure kinetics model that guarantees
the given inputs.
Figure 7.5: Convergence of the neural network model and the linear regression model for Hr
(left) and E (right) as a function of training dataset size. MAE, DNN, and LS denote Max-
imum Absolute Error metric, Deep Neural Network (ChemNet) model, and Least Squares
fit model, respectively.
82



















Figure 7.6: ChemNet: training and validation losses per epoch to rule out under or over
fitting.
ena and will continue to augment experts experience and provide much needed insight in
design and manufacturing. The development of an accurate deep learning model has the im-
mediate potential to provide a manufacturing support tool that can reliably assist chemists
in selecting the chemical composition satisfying a set of desired engineering requirements.
In this chapter, an inverse Neural Network (NN) that automatically selects the chemical
composition of composites is developed to assist chemists in the interpretation of engineer’s
physical requirements of composite design. The same input and output data as in the
forward problem is used to train ChemNet. The training set is split into 80 % ‘train’, 10 %
‘validate’, and 10 % ‘test’ datasets. The test data is kept hidden from the neural network
model and used after the training process is completed to provide a trusted validation of the
model. After iterating through a number of network architectures, we arrived the ChemNet
architecture consisting of a fully connected FeedForward 9 hidden layers deep neural network
consisting of 400,000 parameters, as shown in Figure 7.4. Each of the nine hidden layers
consists of 256 units. The input and output layers each consist of 5 and 2 units, respectively.
The training commences by scaling all the input and output to lie in the [0, 1] range. Also,
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Figure 7.7: Accuracy of the neural network model (upper figures) and the linear regression
model (lower figures) in predictions of the cure kinetics of the system from the test data.
in Figure 7.5, we demonstrate the influence of the training dataset size on the generalization
of ChemNet. While the size of the training dataset is changing the size of the validation and
test dataset are kept fixed. Figure 7.5 shows how increasing the training set size improves
the performance of ChemNet whereas the Least Squares model, like other classical machine
learning algorithms, is not be able to achieve higher accuracy by increased amount of training
data.
The mean square error loss function is selected together with an Adam optimizer [93]
with a learning rate of 5E-4, and we adopt the Rectified Linear Unit (ReLU) [94, 95] as the
activation function after each of the hidden layers. The training batch size is set to 256.
The training is stopped after 400 epochs when the Mean Square Error (MSE) loss is smaller
than 1e-5. The training and validation losses are monitored at each epoch and are shown in
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Figure 7.6. Next, the inverse NN is trained while the volume fraction of fiber is considered
to be part of the input to ChemNet. We finally develop a FeedForward fully connected NN
model consisting of 11 layers. Nine hidden layers with 256 units each followed by a ReLU, an
input layers with five units (V , Tmax, Lθ, Lα, φ), and finally a two-unit (E and Hr) output
layer.
The drop in training and validation losses and the accuracy of the developed model for the
inverse problem are shown in Figures 7.6 and 7.7, respectively. The figures demonstrate the
very small error involved in the training process and the high accuracy of the predictions.
As a baseline, a linear regression model based on least squares loss is added to show the non-
linearity and complex nature of the correlations between inputs and outputs of the problem
and to appreciate the need for deep learning models. It should be noted that A is correlated
with E and is therefore removed from the output list. Although A was not included as part
of the output layer to ChemNet, it is easily recovered by reproducing numerically a dynamic
DSC with an arbitrary temperature rate. This post-processing step allows to extract the
value of A that provides the area of the heat flow versus time curve for a given value of Hr.
7.4 CONCLUSIONS
In this chapter, we integrated the frontal polymerization with deep learning to tailor the
chemistry for a desired manufacturing strategy. In fact, we developed and implemented a
FeedForward Neural Network (NN) model in Keras [96]. We then trained the model using
the input data generated with normal distribution and corresponding output data extracted
from the steady-state solver. Finally, in an inverse approach, we used the model to predict
the cure kinetics parameters for a given set of front characteristics. The model enabled us
to optimize the cure kinetics of the matrix phase of the composites for a specific applica-
tion (a desired volume fraction of fibers) and a favorable manufacturing strategy (expected
maximum temperature and front velocity during the manufacturing). The developed deep-
learning model is robust and is in a good agreement with the numerical results obtained
from the mathematically rigorous numerical methods. Once properly trained with sufficient
training data, our deep-learning model can instantly produce cure kinetics parameters for
unseen input data on any low-end computing platform such as laptops. This approach may
lead to the broader adoption of data-driven models in similar computationally challenging
models of advanced manufacturing processes.
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CHAPTER 8: CONCLUDING REMARKS AND FUTURE WORK
8.1 DISSERTATION SUMMARY AND CONTRIBUTIONS
The primary focus of this research project has been on the modeling of thermosetting
polymers and composites cured by frontal polymerization, with emphasis on the developing,
implementing, and validating nonlinear, transient, coupled finite element solvers.
In Chapter 2, a numerical analysis of frontal polymerization in DCPD using a transient
finite element approach was presented. The adaptive numerical scheme is able to capture the
sharp gradients in the temperature and degree of cure profiles in the vicinity of the advancing
front. The numerical analysis, completed by a semi-analytical steady-state formulation,
allows to relate the parameters entering the cure kinetics model to the key properties of
the propagating polymerization front, i.e., its speed and the characteristic lengths of the
temperature and degree of cure variation. The analysis has also investigated the pre-cured
state of the polymer ahead of the front affects these key properties by slowing down the
front and widening the front. The analysis then focused on characterizing the merging of
two polymerization fronts, and in particular on quantifying the associated thermal spike as
the heat generated by the highly exothermic reaction is unable to dissipate when the two
fronts are very close to each other. The analysis has demonstrated how the degree of cure of
the material at the time of the front merger affects the amplitude of the temperature spike,
suggesting that pre-curing the region where the fronts are expected to merge might reduce
the potential thermal degradation of the polymerized material.
Using a combination of experiments and simulations, Chapter 3 has demonstrated that
continuous conductive elements can increase the frontal velocity in FP systems. This increase
is caused by monomer preheating due to thermal transport through the conductive element.
FP was also achieved in some of the smallest channel volumes yet demonstrated, and the
study has established the effect of channel diameter on the degree of increased frontal velocity
caused by conductive elements. Computational modeling of the system has shown that the
effect is due primarily to thermal transport, although a small contribution associated with
fluid convection cannot be ruled out. The results of the present study suggest that conductive
reinforcements, such as carbon fibers, may facilitate FP in fiber-reinforced composites.
In Chapter 4, a homogenized thermo-chemical model has been proposed and implemented
in a multiphysics nonlinear finite element solver to investigate the FP-based manufacturing
of unidirectional carbon/DCPD composites. 1-D numerical simulations of the initiation and
propagation of the polymerization front obtained for a range of fiber volume fractions have
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yielded two distinct regimes. In the first one, which corresponds to the low values of fiber
volume fractions, the front velocity increases with the fiber content due to the increased
effective thermal conductivity of the composite. In the second regime, the front velocity
progressively decreases with increasing fiber volume fraction as a result of the deficiency of
monomer, and thereby of the heat of reaction. The analysis also included 2-D simulations
performed to capture the heat exchange between the polymerizing composite layup and the
surroundings. The numerical results were validated through comparison with experimental
measurements of the dependence of the front speed and maximum temperature on the fiber
volume fraction. Finally, we performed a parametric study of the effects of activation energy
and the time constant on the polymerization front speed, showing a potentially strong impact
of the cure kinetics parameters.
Chapter 5 was allocated to investigate the presence of instabilities in polymeric and com-
posites components during the FP-based fabrication. Through a numerical analysis based on
a thermo-chemical reaction-diffusion model, we have investigated the role of heat diffusion
on the appearence of instabilities during the frontal polymerization of an adiabatic channel
of neat DCPD resin and of unidirectional carbon/DCPD composites. The numerical study
conducted in the neat resin case has shown how these FP-driven instabilities decay and the
wavelength and amplitude of the thermal spike present in the front decrease as the initial
temperature of the monomer increases, leading to an increasingly stable front propagation.
While these thermal instabilities may influence the quality of the manufactured polymeric
component, they do not affect the velocity of the polymerization front.
In the case of carbon/DCPD composites, numerical results obtained with a homogenized
thermo-chemical model have shown that instabilities may exist for lower values of the fiber
volume fraction and initial temperature. A stable propagation of the polymerization front
is achieved for a composite system at an initial temperature lower than that obtained in the
neat resin case due to higher effective conductivity of the composite associated with presence
of the embedded carbon fibers. The wavelength of the thermal instabilities increases with
the fiber volume fraction, while the amplitude correspondingly decreases.
Furthermore, we investigated the effect of convective heat losses on the front stability in
neat resins and composites by adding a convective heat loss term to the thermo-chemical
model. The presence of the convective heat loss led to two observations. Firstly, it extended
the range of the initial temperature of the resin for which instabilities were obtained. Sec-
ondly, in contrast to the harmonic instabilities present in the adiabatic case, introducing
a convective heat loss yielded substantially more complex, spatially varying instabilities,
sometimes with chaotic patterns.
In Chapter 6, we have performed a finite element analysis of the impact of boundary
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heat losses on the speed and shape of a polymerization front propagating in a channel of
DCPD. Two types of boundary conditions have been analyzed. The first analysis pertained
to convective heat losses along the channel boundary, with emphasis on capturing the effect
of the film coefficient and channel thickness on the speed and maximum temperature of the
front. A sharp transition was obtained between the adiabatic/large-channel solution and
the high-convective-loss/narrow-channel cases for which the front is quenched. The second
analysis involved the heat losses associated with a contacting plate, for which the solution
was expressed in terms of the diffusivity and thermal conductivity ratios between the resin
and the plate, and the channel width. The parametric study showed a sharp transition
between the quenched and adiabatic states. In the limiting case of a very large plate of
infinite diffusivity, frontal polymerization is achievable in spite of the large heat losses to the
plate due to the insulation associated with a boundary layer of uncured resin created along
the plate boundary.
As the last part of this work, in Chapter 7 we integrated the frontal polymerization with
deep learning to tailor the chemistry for a desired manufacturing strategy. In fact, we de-
veloped and implemented a FeedForward Neural Network (NN) model in Keras. We then
trained the model using the input data generated with normal distribution and correspond-
ing output data extracted from the steady-state solver. Finally, in an inverse approach, we
used the model to predict the cure kinetics parameters for a given set of front characteristics.
The model enabled us to optimize the cure kinetics of the matrix phase of the composites
for a specific application (a desired volume fraction of fibers) and a favorable manufactur-
ing strategy (expected maximum temperature and front velocity during the manufacturing).
The developed deep-learning model is robust and is in a good agreement with the numer-
ical results obtained from the mathematically rigorous numerical methods. Once properly
trained with sufficient training data, our deep-learning model can instantly produce cure
kinetics parameters for unseen input data on any low-end computing platform such as lap-
tops. This approach may lead to the broader adoption of data-driven models in similar
computationally challenging models of advanced manufacturing processes.
8.2 FUTURE WORK
This PhD thesis has presented the first finite-element approach to the FP-based manufac-
turing of thermosetting polymers and composites. We proposed, implemented, and validated
several multiphysics models and nonlinear solvers to investigate FP-based curing process in
neat resins and composites. The developed platform provides reliable and accurate outputs
and may be extended in three directions:
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8.2.1 Thermo-chemo-mechanical modeling
The developed solver has been validated by experiments and has demonstrated reliable
and accurate performance in modeling the thermal and chemical aspects of manufacturing
of neat resins, partially cured systems, and composites systems cured by FP. Although we
do not expect large deformations during FP, it is important to study the deformations of
the system due to the chemical shrinkage and the thermal expansion. In fact, the numerical
framework could be extended to a thermo-chemo-mechanical model where variations of the
temperature and the degree of cure generate force and cause deformation in the system.
This study could help one to evaluate the residual stresses, damage, defects, and dimensional
instabilities that often happen during the fabrication process. Furthermore, the extended
model could be adopted to investigate the material degradation caused by the merging fronts
discussed in Chapter 2, allowing the manufacturer to greatly accelerate the FP process by
initiating multiple fronts.
8.2.2 FP-based woven-fabric and particulate composites
FP-based manufacturing of the woven-fabric and particulate composites could be simu-
lated by adopting proper homogenization models to obtain the overall properties of the com-
posite system such as density, thermal conductivity, and specific heat. A detailed parametric
study using related models available in the literature should be done. Then, the obtained
results should be validated by the experimental observation, finding the best model for the
composites. It will allow one to extend application of the numerical study into manufac-
turing advanced and multifunctional materials such as carbon nanotubes (CNTs)-reinforced
polymer-matrix composites.
8.2.3 Unified continuum-discrete framework
A comprehensive modeling framework consists of continuum level simulations comple-
mented by Molecular Dynamics (MD) modeling may be adopted to directly link the molecule’s
structure to the front characteristics. The MD model may extract the cure kinetics param-
eters of the chemistry by modeling the interaction of discrete particles of the system. Then,
the continuum level model will be fed, by the output of the MD model, and obtain the
front characteristics. Bypassing the DSC experiment and the challenges associated with the
extraction of cure kinetics model, the new framework could save one a lot of time. While the
current study suggests the cure kinetics parameters (A,E,Hr) for a demanded FP-based
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fabrication strategy, the exact molecule structure is still needed to be figured out by the
chemists. To address this challenge, a combination of the proposed deep learning model,
ChemNet, presented in Chapter 7 and the new framework may be used to provide practical
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